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Final report- P.I.: Mudryj, Maria 
Award Number W81XWH-06-1-0016 
Title: Calpain-dependent proteolysis of the androgen receptor. 
 
Introduction: 
 
 The CWR22 androgen dependent xenograft model, which mimics human prostate 

cancer, is a useful tool to study the emergence of androgen independence since the tumors 

exhibit androgen dependent growth.  Following androgen withdrawal, the tumor regress, and 

androgen independent tumors emerge. Analysis of CWR22Rv1 (Rv1) cell line, derived from a 

relapsed tumor revealed that it expresses the full length androgen receptor (AR) as well as an 

∼80-85 KD truncated form of AR that has a deletion of the C-terminal ligand binding domain 

(LBD). Analysis of human prostate tumors indicates that several tumors express higher levels of 

this low molecular weight (LMW) AR than noncancerous prostate tissue. In addition, the 

CWR22-derived R1 cell line expresses the LMW AR. Our studies focused on 1) the 

mechanisms that lead to the generation of the LMW AR and 2) on the role of the LMW AR on 

gene expression. Briefly, we found that the 39 aa insertional mutation in the Rv1 AR (E3DM-AR) 

that sensitizes this AR to calpain 2 proteolysis. In contrast in CWR22 derived androgen 

independent cell line R1 activation of calpain 2 by Extracellular Signal-Regulated Kinases 1 and 

2 (ERK) promotes AR prteolysis. An analyses of human tumor samples found that LMW-AR 

levels are higher in tumors that have an increased calpain/calpastatin ratio and/or increased 

levels of phospho-ERK (pERK). Treatment of Rv1 cells with a calpain inhibitor reduces 

truncated AR expression, and in the absence of androgen, induces apoptosis. We made the 

serendipitous discovery that an HIV protease inhibitor inhibits calpain activity and is also 

effective in inducing apoptosis in the Rv1 cell line in cell culture and animal studies. The Rv1 

and R1 were used to define LMW-AR target genes. Expression microarray analysis was used to 

analyze AR dependent transcription in the presence and absence of androgen. The analysis 

revealed that although related, R1 and Rv1 had significantly different gene expression profiles in 

response to androgen.  In contrast, AR chromatin immunoprecipitation combined with promoter 

DNA microarrays (ChIP-on-chip) studies showed R1 and Rv1 cells have a similar AR binding 

profile. Coupling of the microarray study with ChIP-on-chip analysis identified direct AR targets 

in R1 and Rv1 cells.  Interestingly only 6% of the Rv1 androgen-regulated genes, but 42% of the 

R1 androgen-regulated genes, bound AR. A screening of transcription factor binding motifs 

revealed that the glucocordicoid response element , GATA, Sp1 and FoxJ2 most frequently co-

present with AR binding motifs in the AR direct target genes.  Moreover, the most prominent 

function of transcripts that were direct AR targets was transcriptional regulation. This study 
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indicates that  AR-dependent gene expression is dependent on factors that vary greatly in the 

two cell lines. Cellular localization analysis of AR showed that the LMW-AR is the predominant 

form (~90%) present in the nucleus in Rv1 cells cultured in the absence of androgen, allowing 

us to identify 128 potential LMW-AR specific chromosomal binding sites.  Quantitative RT-PCR 

analysis of the genes closest to these sites revealed that LMW-AR can regulate certain genes in 

a different manner than full-length AR.  
 
Body 
Hypothesis: calpain cleavage of the AR generates a constitutively active molecule that 
acts in a dominant manner to confer androgen independence in prostate cells.  
 
Specific Aim 1. Identify the calpain cleavage site in the AR.  

Specific Aim 2. Generate cDNA constructs corresponding to the truncated AR (AR-tr) and define 

the role of the truncated AR in androgen independent proliferation.   

Specific Aim 3. Determine if inhibition of calpain expression represses androgen independent 

proliferation.  

 

1) Identify of the calpain cleavage site, role of LMW AR in transcription, inhibition of 
calpain activity. 
 

  Our preliminary studies suggested that calpain cleaves the AR to generate an ~80 KD 

truncated LMW AR and a smaller 30 KD cleavage fragment.  As our studies progressed it 

became evident that multiple low molecular forms were expressed in the Rv1 cells, making 

isolation and characterization extremely difficult. Furthermore, published studies indicated that 

alternative splicing could also generate LMW- AR forms, although different groups reported 

different alternative slice isoforms. The one consistent finding was that all of the LMW AP forms 

lacked the LBD. We therefore took a different approach and focused in the study of the etiology 

and function of the LMW AR. We found that the LMW AR was expressed in human prostate 

tumors and that expression in part correlated in increased proteolysis of other calpain 

substrates supporting the role of calpain in AR proteolysis. Using calpain inhibitors we 

demonstrated that in the absence of androgen calpain inhibition promoted apoptosis in Rv1 

cells. However, the calpain inhibitors that are available are very toxic in animal, and our original 

strategy was to used cell overepxressing the endogenous inhibitor calpastatin. However, we 

found reports that HIV protease inhibitors could also inhibit calpain activity. Since these are 
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drugs that are currently in use we decided that it would be more clinically relevant to determine 

if these agents altered the expression of LMW AR. We found that the HIV protease inhibited 

expression of the LMW AR and under androgen depletion promoted apoptosis. The cell culture 

result was recapitulated in an animal model; administration of the HIV protease inhibitor reduced 

the growth of the tumors.  

  Since the salient feature of the LMW AR whether generated by proteolysis of alternative 

splicing was the absence of the LBD. Therefore we generated a molecule that was missing this 

domain, and found that it was effective in promoting transcription in transient transfection 

studies.   

  The above described studies have been published and experimental details are in the 

attached manuscript. (S Libertini et al. Evidence for Calpain mediated Androgen Receptor 

Cleavage as a Mechanism of Androgen Independence and Potential Therapeutic Target in 

Prostate Tumors. Cancer Research 69, 9001-5). A review on the mechanisms leading to 

androgen independence was also published. (H Devlin and M Mudryj. Progression of Prostate 

Cancer: Multiple Pathways to Androgen Independence. Cancer Letters  274 (2):177-86). 

   

2) Mechanisms that regulated LMW AR expression. 
 

  While the Rv1 model has been extensively used, it is unusual since the AR harbors a 

duplication of an exon that encodes part of the DNA binding domain, resulting in an insertion of 

39aa. In contrast the R1 cell line derived form the CWR22 tumor does not have this insertion, 

but also expresses the LMW AR. To uncover the etiology of the LMW AR we studied these two 

cell lines.  The 39aa insertion is near the junction of the LBD. Using cDNAs encoding the 

wildtype and 39aa mutant AR and transfection of these plasmids into PC3 cells we found that 

the insertion sensitized the AR to proteolysis. This explains in part why the LMW AR is so 

abundant in the Rv1 cells.  

  The R1 cells, which were independently derived from the same xenograft do not have 

the insertion mutation, yet express higher levels of the LMW AR. This model therefore more 

closely approximates what is found in human tumors. We found that R1 cells express higher 

levels of calpain 2 and higher levels of phospho-ERK, a kinase that can phosphorylate and 

activate calpain 2. Using calpain 2 specific siRNA we decreased calpain 2 levels. This resulted 

in lower levels of the LMW AR. Likewise siRNA mediated decrease of ERK also reduced 

expression of the LMW AR. We also used an inhibitor of MEK, a kinase that is upstream of 

ERK, to reduce ERK activity. Inhibition of MEK resulted in a decrease of the LMW AR. In a 
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converse experiment, ERK activity was activated and there was an increase in the LMW AR. 

These cell culture studies indicate that, in part, the generation of the LMW AR is regulated by 

the MAP signaling pathway. Finally, analyses of human tumor samples found that LMW-AR 

levels are higher in tumors that have an increased calpain/calpastatin ratio and/or increased 

levels of phospho-ERK. This suggests that a higher calpain/calpastatin ratio collaborates with 

activated ERK to promote the generation of the LMW-AR.  

  The above described studies have been published and the experimental details are in 

the attached manuscript. (H Chen el al. Erk Regulates Calpain 2 Induced Androgen Receptor 

proteolysis in CWR22 Relapsed Prostate Tumor Cell Lines. Journal of Biological Chemistry 

285(4):2368-74). 

 

3) Androgen dependent gene regulation and AR binding in R1 and Rv1 cells. 
 

  We and others have demonstrated that the LMW AR is expressed in cell lines and in 

human tumors. However, it is unclear how these LMW AR forms regulated gene expression. To 

decipher the role of the LMW AR in gene expression we first needed to define androgen 

regulated genes and define AR binding patterns in the R1 and RV1 cells. Several lines of 

evidence indicate that they were derived from a common ancestor. Karyotypes of the two cell 

lines are very similar; both lines shared the same structural abnormalities, including a reciprocal 

translocation between chromosomes 6 and 14. Both lines have the same AR (H847Y) mutation 

that is present in the parental CWR22 cells. Therefore we anticipated that these tow cell line 

would be useful in defining the role of the LMW AR in transcription. 

To compare the two CWR22 relapse lines, we used the Affymatix HG-U133 Plus2.0 

Gene Chip microarray. The analysis was conducted in duplicate at the same density in charcoal 

stripped serum or two hours following addition of 10nM DHT. Comparison of R1 and Rv1 gene 

expression profiles in castrate levels of androgen identified 1275 genes that were differentially 

expressed (fold change ≥1.5 or ≤-1.5; P ≤ 0.05) in R1 vs. Rv1 cells.  Analysis of the microarray 

data identified 1941 transcripts that were differentially expressed in R1 vs. Rv1 cells treated with 

DHT. Of these, 60% were identical to the transcripts that were differentially expressed in the 

absence of androgen. As expected, R1 cells expressed 4-fold higher levels of calpain 2 mRNA 

than Rv1 cells.  R1 cells also expressed 11.7-fold higher levels of c-MET. Rv1 cells have more 

neuroendocrine characteristics since the expression of neuronal specific enolase (ENO2) was 

12-fold higher in Rv1 cells than in R1 cells, and the expression of chromogranin A and B, and 

synaptophysin  were higher in Rv1, indicating there neuroendocrine nature. The most significant 
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pathway differences between R1 and Rv1 cells both in the presence and absence of androgen 

involved metabolic pathways. In summary, although these two lines were derived from the same 

CWR22 xenograft and have similar morphologies, at the molecular level they are distinct.   

 Next we analyze genes differentially regulated in the two cell lines in response to a two 

hours androgen treatment. We found that the expression of 854 transcripts was altered by a two 

hour DHT treatment in Rv1 cells The same analysis was conducted using R1 cells and in 

contrast to Rv1 cells, the expression of only 77 transcripts changed following addition of DHT for 

2hr.  A comparison of the DHT-responsive R1 and Rv1 transcripts identified only 10 that were 

commonly regulated in both cell lines, again indicating the large differences between these two 

lines.  

The differentially expressed genes in response to DHT for 2hr were analyzed by 

Ingenuity System’s Pathway Analysis (IPA) to identify most significant associated biological 

networks and canonical pathways (metabolic and cell signaling) altered in the two cell lines.  

IPA identified two significant biological networks associated with the differentially expressed 

genes in R1.  The significantly associated functions include gene expression, cellular 

development, cell cycle and embryonic development. The most significantly associated 

canonical pathways are notch signaling, clatrin-mediated endocytosis, JAK/Stat signaling, and 

p53 signaling. In Rv1 cells, a total of 18 biological networks were identified that are significantly 

associated with the differentially expressed genes. The significantly associated functions include 

cellular development, visual system development and function, cancer, cell cycle, molecular 

transport and protein trafficking.  The most associated canonical pathways include aminoacyl-

tRNA biosynthesis, axonal guidance signaling, DNA damage response, cell cycle, p53 signaling 

and clatrin-mediated endocytosis. 

Since the cohort of androgen regulated transcripts differed in R1 and Rv1 cells we 

wondered if they were regulated differently because the AR bound to different regulatory 

regions. The Human Promoter 1.0R Array (Affymetrix) was used to detect AR binding to 

regulatory regions. A total of 1225 and 2021 AR binding sites (FDR<=0.05) were identified in R1 

and Rv1 cells, respectively, when treated with DHT for 2hr.  A comparison of AR binding across 

chromosomes in R1 and Rv1 cells treated with androgen showed that AR binding pattern was 

similar, but not identical. Therefore, while the androgen regulated gene profile of the two cell line 

is different the AR binding pattern is similar.  

A motif analysis of the AR binding sites was conducted to determine whether AR binds 

to the established consensus AR response element (ARE).  Previous studies conducted in 

LNCaP, LNCaP derived cells, or AR transfected PC3 cells reported that only ~10% of the AR 
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binding regions had a canonical class 1 ARE binding motif when two positions were allowed to 

vary from the palindromic consensus with 3 nucleotide spacing.  They also found that 78% of 

the binding regions contained the AR binding half-site motif.  In this study we found in Rv1 cells 

only 4% of the sites had the canonical ARE and 35%  had the AR half-site motif.  Likewise, in 

R1 cells, 6% of the sites had the canonical ARE and 46% had the AR half-site motif .    

By coupling the ChIP-on-chip with microarray expression data, we identified that, of the 

854 differentially regulated genes in Rv1 cells in response to DHT for 2hr, AR bound to nearby 

chromosomal sites of only 53 genes (6%). IPA analysis showed that the biological functions 

most prominently associated with these 53 genes were transcriptional regulation, cell cycle, and 

metabolic process.  The same analysis was performed in R1 cells.  Of the 77 differentially 

regulated genes after adding DHT for 2hr, AR bound to the nearby chromosomal regions of 32 

genes (42%).   The major biological functions associated with these 32 genes are transcriptional 

regulation and metabolic process .  

 A comparison of R1 and Rv1 revealed that the majority of the AR bound sites near the 

differentially regulated genes were common. However, only three closest genes 

[CCAAT/enhancer binding protein delta, claudin 4, and arylamine N-acetyltransferase type I] 

adjacent to the common AR binding sites in both R1 and Rv1 cells showed correlated 

transcriptional regulation in both lines. This argues that only a subset of AR chromosomal 

binding sites exhibit transcriptional regulation. Considering that other transcription factors might 

play collaborative role in AR function, we used Transcription Element Search System (TESS) to 

screen for motifs most frequently co-exist with AR binding motifs present in the above 

differentially regulated genes.  The transcription factor motifs that most frequently co-exist with 

AR binding motifs included GRE, GATA binding protein 1 (GATA-1), Sp-1 and forkhead box J2 

(FoxJ2) in both R1 and Rv1 cells.   

 The extensive difference in gene expression of R1 and Rv1 cells strongly argues that 

while they are derived from a common xenograft CWR22 tumor, at the molecular levels they are 

very different. 

Previous studies have shown that AR binding sites can be far away from transcription 

start sites [23, 28].  The coverage of the promoter array used for this study is limited within 

~10kb from transcription start sites.  Therefore, the actual direct AR targets in R1 and Rv1 cells 

are most likely higher than what we found.  While the number DHT-regulated genes was much 

higher in Rv1 cells, the number genes that are DHT-regulated and are associated with an AR 

binding site is more comparable in R1 and Rv1 cells. This suggests that AR binding or AR/DNA 

complex stability in Rv1 cells is greater or that a large number of the DHT-regulated transcripts 
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in Rv1 cells are indirect AR targets.  Several mechanisms may account for this discrepancy. 

The presence of a 39aa insertion mutation in the Rv1 AR that results in the duplication of the 

DNA domain may facilitate DNA binding, or the interactions with other DNA binding protein. 

Alternatively, the different complement of AR co-regulators in Rv1 and R1 cells may govern AR-

dependent gene regulation.    

The most common function by far of direct AR target genes in R1 (9 genes) and Rv1 (11 

genes) involved regulation of transcription, while the second most common functions were 

regulation of the cell cycle or metabolism.  However, only CEBPD was commonly regulated in 

both cell lines. If the AR-regulated transcription factors are very different in the two cell lines, 

then the subsequent indirect AR target transcripts would be different as well. Therefore it is not 

surprising that the AR-dependent transcription profile of R1 and Rv1 cells is distinct.  

The above described studies have been prepared for publication. Please see the 

attached manuscript for experimental details.  (H. Chen et al. Genome-wide analysis of 

androgen receptor binding and gene regulation in two CWR22-derived prostate cancer cell 

lines. Submission pending approval of all co-authors. 

 

4) The role of LMW AR in gene regulation 
 

Previous studies, including ours found that in transient transfection studies an AR 

missing the LBD can transactivate expression of AR-regulated promoters in the absence of 

androgen.  However, it is unclear if the LMW AR can bind to and regulate expression of 

endogenous genes. To address this question we analyzed the cellular location of the LMW-AR 

in the nuclear and cytosolic fractions of Rv1 and R1 cells proliferating the presence and 

absence of androgen. In Rv1 cells in the presence of androgen, the FL-AR and LMW-AR are 

present in the nucleus. The FL-AR is more abundant in the cytosol, whereas the LMW-AR is 

more abundant in the nucleus. Notably, in the absence of androgen the Rv1 nuclear fraction 

consists predominantly (~90%) of the LMW-AR (Figure 1A). In R1 cells the predominant form of 

the AR in the nucleus in the presence of androgen is the full length AR (FL-AR). In the absence 

of androgen the nuclear fraction contains substantially higher amount of the LMW-AR (~60%).  

In the cytosolic fraction the AR is almost exclusively full length. Utilizing our finding that the 

nuclear fraction of Rv1 cells consists predominantly (~90%) of the LMW-AR in the absence of 

androgen, we performed ChIP-on-chip analysis on Rv1 cells proliferating in androgen-depleted 

medium to investigate the potential LMW-AR chromosomal binding sites.  The same analysis 

was conducted on R1 cells.   
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Analysis of the ChIP-on-chip data revealed 128 binding sites (FDR<=0.05) in Rv1 cells 

proliferating in androgen-depleted media (Table 1).  Furthermore, the 128 sites were also 

present in the total of 2021 binding sites identified in Rv1 cells treated with 10nM DHT for 2hrs 

using the same criteria  (i.e. FDR<=0.05) (Figure 1B, C).  A closer examination of these 128 

binding sites revealed that 20% of the sites showed exactly the same start and end position in 

the absence or presence of DHT. The remainder (80%) were within the range of ~35-1000bp 

upstream of the start position or downstream of the end position.  Furthermore, the addition of 

androgen induced modest [1 going to 2] enrichment of AR binding to the sequence adjacent 

(within 50Kb) to 46 sites (46/128=36%), and high enrichment [3 or more] to the sequence 

adjacent to 14 sites (14/128=11%) (Figure 1C). Addition of androgen did not cause enrichment 

in the AR binding to the rest 68 sites (68/128=53%). Addition of androgen also resulted in the 

AR binding to sites that were not bound in the absence of androgen, indicating the requirement 

of the FL-AR for binding to specific sequences.  

Next we compared AR binding in Rv1 and R1 cells cultured in androgen depleted media. 

Analysis of the ChIP-on-chip data obtained from R1 cells failed to reveal binding sites that were 

statistically significant (FDR<=0.05).  Due to the low level of the AR (both FL- and LMW-AR) in 

the nucleus of R1 cells proliferating in androgen depleted media, the assay may not be sensitive 

enough to detect binding that reaches the threshold of statistical significance. Nevertheless, the 

examination of the best potential binding sites provided by Cisgenome showed that 15 binding 

sites overlapped with the binding sites identified Rv1 cells (Table 1 labeled with *).  

Furthermore, all these 15 sites were identified as statistical significant (FDR<=0.05) binding 

sites in R1 cells treated with DHT for 2hr (Figure 1B).  

We analyzed the 128 binding sites to determine whether the LMW-AR binds to the 

established consensus AR response element (ARE).  Similar to FL-AR binding pattern, only 6% 

(8/128) of the LMW-AR binding sites contained the typical ARE and 48% contained the AR half-

site motif (Figure 1D).   

              Further analysis of the 128 binding sites identified a total of 118 genes that were 

closest to the AR binding site (Table 1).   Only 20% of the chromosomal binding sites were 

located within 2Kb up- or down-stream from the transcription start sites (Table 9). Notably, 

about 20% of the binding sites were more than 10kb up-stream of the transcriptional start site 

and 9% of the sites were more than 10kb down-stream of the transcriptional end site. Several 

genes (CGI-115, EPHX1, RGPD5, LPP, RHOH, MAT2B, CYP3A43, ANKRD20A3, TMEM60 

and GOLGA8G) had two sites bound by the LMW-AR, and in all of the cases except (RGPD5) 

the two binding sites in each gene were within close vicinity (35 up to 4551bp apart).   
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We then examined the expression profile of the closest genes adjacent to the 128 sites 

in response to DHT for 2hr.  Of the 118 closest genes identified in the ChIP-on-chip study of AR 

binding in the absence of androgen, we found 6 genes (CDKN1B/p27, FABP7, IL-6R, KRIT1, 

SMA4 and UGT2B15) showed differential expression in response to DHT (Figure 2A). It has 

been reported that CDKN1B/p27 and UGT2B15 are androgen-responsive gene.  Interestingly, a 

significant enrichment of AR binding sites was observed at CDKN1B/p27 gene locus (Figure 

1C), which corresponded with the up-regulation of its expression 2hr post DHT addition.  When 

the analysis included the neighbor genes near the 128 sites, 13 (13/128=10%) were 

differentially regulated by androgen. Some of the genes were over 50,000 bp from the AR 

binding site. When the criteria for identifying androgen-regulated genes were relaxed (fold 

change ≥1.3; P ≤ 0.10), 56 (56/128=44%) of the sites were associated with genes that were 

androgen regulated. This suggests that for some genes LMW-AR binding in the absence of 

androgens is not functional or not sufficient and FL-AR is required for their maximal gene 

regulation.   

To further investigate the role of LMW-AR in gene regulation, the expression of several 

closest genes was analyzed in the absence of androgen following treatment with calpeptin for 

48hr. Since treatment with calpeptin reduces LMW-AR expression and the amount of LMW-AR 

present in the nucleus (Figure 2B), this allows us to study the transcriptional regulation of genes 

adjacent to the potential LMW-AR binding sites.  We examined the effect of LMW-AR inhibition 

on the expression of the above six closest genes (CDKN1B/p27, FABP7, IL-6R, KRIT1, SMA4 

and UGT2B15) that showed differential expression after adding DHT for 2hr.   Varied responses 

to the inhibition of LMW-AR were observed (Figure 2B).  The expression of UGT2B15 was 

down-regulated after adding DHT.  Interestingly, inhibition of LMW-AR also significantly reduced 

their expression, indicating that LMW-AR might function as an activator whereas FL-AR 

functions as a repressor of the gene. The expression of IL-6R, on the other hand, was elevated 

after adding DHT.  Inhibition of LMW-AR also significantly enhanced its expression, indicating 

that LMW-AR might function as a repressor while the FL-AR an activator of the gene.  Addition 

of DHT strongly up-regulated the expression of FABP7 and SMA4 (Figure 2A).  Inhibition of 

LMW-AR showed slight reduction of their expression, indicating that LMW-AR acts like FL-AR 

as an activator of the genes, but much weaker than FL-AR.  While modestly up-regulated by FL-

AR after adding DHT, no effect was observed on the expression of CDKN1B/p27 and KRIT1 

when LMW-AR was inhibited (Figure 2A), indicating that LMW-AR binding might be non-

functional.  
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Since our preliminary studies suggested that at least half of the hinge domain was 

removed on the LMW-AR (unpublished), we hypothesized that the failure to interact with the 

hinge region interacting co-regulators contributed to the functional differences between FL-AR 

and LMW-AR.  Filamin A has been reported to repress AR-dependent transcription by 

interacting with hinge domain.  We analyzed the endogenous gene expression of UGT2B15 in 

DHT for 2hr or in the absence of androgen following siRNA-mediated silencing of filamin A.  As 

shown in Figure 8C, anti-filamin A siRNA reduced its mRNA level to 11%.  Silencing of filamin A 

expression relieved repression of UGT2B15 in the presence of DHT  (Figure 2B: ‘siRNA control 

AD-‘ vs. ‘siRNA control DHT 2hr’ and ‘FLN siRNA DHT 2hr’), indicating that filamin A is the co-

repressor of FL-AR in the suppression of the gene.  Silencing of filamin A in the absence of 

androgen, on the other hand, showed no effect on the expression of UGT2B15  (Figure 2C : 

‘siRNA control AD-’ vs. ‘FLN siRNA AD-’), indicating that the regulatory activity of LMW-AR is 

not affected by filamin A.  This suggests that the difference in their interaction with co-regulator 

filamin A contributes to the different transcriptional outcome of FL- and LMW-AR.   

It is known that AR-regulation of gene transcription is governed in part by an interaction 

with multiple binding partners. These interaction occur via the different domains, including the 

hinge domain and the LBD. Since the LMW forms do not have the LBD and are missing at least 

a part of the hinge domain, the repertoire of molecules that interact with the FL and LMW-AR 

would not be identical, which may contribute to their different transcriptional activity on specific 

genes.  Silencing of filamin A, a co-repressor known to interact with the hinge domain of AR, 

abolished the suppression of UGT2B15 in response to androgen but had no effect on the 

expression of UGT2B15 in the absence of androgen, supporting our hypothesis that FL- and 

LMW-AR may interact differently with co-regulators and subsequent transcription 

activation/repression. This study is almost completed and will be submitted shortly for 

publication. ( M Mudryj et al. Low molecular weight androgen receptor isoform regulated 

transcripts are refractory to Filamin A repression.) 

KEY RESEARCH ACCOMPLISHMENTS:   

 Identification of the role calpain in AR proteolysis in two different cell culture lines. 

 Demonstrating that an HIV protease inhibitor can mimic calpain inhibitors and reduce the 
proliferation of Rv1 cell in tissue culture studies and in a xenograft model. 

 Defining the role of the MAP signaling pathway in the etiology of the AR-LMW forms. 
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 Characterization of the androgen regulated gene expression profile in Rv1 and R1 cells. 

 Characterization of the AR DNA binding profile in R1 and Rv1 cells. 

 Identification of direct AR target genes in R1 and Rv1 cells. 

 Identification of genes regulated by the LMW AR form.  

REPORTABLE OUTCOMES:   

Manuscripts 

Stephen Libertini, Clifford G. Tepper, Veronica Rodriguez, David M. Asmuth, Hsing-Jien Kung and 
Maria Mudryj. Evidence for Calpain mediated Androgen Receptor Cleavage as a Mechanism of  
Androgen Independence and Potential Therapeutic Target in Prostate Tumors. Cancer Research 69,  
9001-5. (Manuscript in appendix) 
 
Hong-Lin Devlin and Maria Mudryj. Progression of Prostate Cancer: Multiple Pathways to Androgen  
Independence. Cancer Letters  274 (2):177-86. (Manuscript in appendix) 
 
Beolla, RG, Yu Wang, Alfredo Asuncion, Karim Chamie, Salma Siddiqui, Maria Mudryj, Javed  
Siddiqui, Arul M. Chinnaiyan, Rohit Mehra, Ralph W. deVereWhite and Paramita. M. Ghosh  
Cellular Localization of Filamin A in Advanced Hormone Refractory Prostate Cancer:  
Immunohistochemical Correlation with Metastases. Clinical Cancer Research 15(3):788-96.  
(Manuscript in appendix) 
 
Honglin Chen, Stephen J. Libertini, Yu Wang, Hsing-Jien Kung, Paramita Ghosh, Maria Mudryj.  
Erk Regulates Calpain 2 Induced Androgen Receptor proteolysis in CWR22 Relapsed Prostate  
Tumor Cell Lines. Journal of Biological Chemistry published November 28, 2009 as  
doi:10.1074/jbc.M109.049379 (Manuscript in appendix) 
 
In Preparation 
Honglin Chen, Steve Libertini, Cliff Tepper, Hsing-Jien Kung, Michael George, Satya  Dandekar,  
Bushra el-Batain, Paramita Ghosh, Maria Mudryj. Genome-wide analysis of androgen receptor  
binding and gene regulation in two CWR22-derived prostate cancer cell lines. Submission pending 
approval of all co-authors. (Manuscript in appendix) 
 
Stephen Libertini, Honglin Chen, Veronica Rodriguez, Hau Nguyen, Tilak Koilvaram Maria Mudryj.  
Calpain 2 is a direct transcriptional target of E2F3 and the androgen receptor in prostate tumor  
derived cells. 
 
Maria Mudryj, Wang Y, Honglin Devin, Stephen Libertini, Paramita Ghosh. Genes regulated by  
the low molecular weight androgen receptor isoform are refractory to Filamin A repression. 
 
 
Abstracts/Presentations 

AACR meeting 2006 “A Novel Mechanism of Androgen Independence: Calpain-dependent 
Proteolysis of the Androgen Receptor.”  



12 

IMPACT meeting 2007 “Evidence for Calpain mediated Androgen Receptor Cleavage as a 
Mechanism for Androgen Independence and Potential therapeutic Target in Prostate Tumors.” 

Prostate meeting 2009 “Expression of the low molecular weight isoforms in two different CWR22-
derived cell lines.” 

Patents and licenses applied for and/or issued  

None  

Degrees obtained that are supported by this award  

Honglin Chen received her Ph.D. (Genetics)  

Development of cell lines, tissue or serum repositories;  

None 

Infomatics such as databases and animal models, etc.;  

Rv1 and R1 androgen regulated expression microarray studies will be deposited in GEO. 

Funding applied for based on work supported by this award 

Employment or research opportunities applied for and/or received based on 
experience/training supported by this award  

Honglin Chen was offered and accepted a staff position with Genentech based on the studies 
supported by this award.  Veronica Rodriguez (MS student) was offered a position in a biotech 
company.  

CONCLUSION 

Our original studies based on the observation that a LMW AR form is present in the Rv1 cells and 
that the calpain protease can generate this LMW form greatly evolved. During the course of this 
study it became apparent the there were several LMW forms that could be generated by 
proteolysis, but also by alternative splicing. Since several mechanisms exist to produce a very 
similar AR isoform, suggests that this form must be important in the tumorigenesis process. This is 
further buttressed by the detection of the LMW AR in human prostate cancer.  

We initially used commercially available calpain inhibitors to reduce LMW AR expresion, but in the 
course of the study found that an HIV inhibitor could also reduce the expression of the LMW AR. 
Since HIV protease inhibitors are on the market they could be re-positioned for treatment of 
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prostate cancer. It is noteworthy that currently there is a clincial trial that is recruiting patients to 
test the efficacy of HIV protease inhibitor Nelfinavir as a chemotherapeutic. 

Calpain inhibitors that are currently available are very toxic, therefore we reasoned that if we know 
how calpain was activated an alternative drug target could be identified. Our studies on the R1 
cells line indicated that inhibitors of the MAP kinase signaling pathway may also be effective 
therapeutic target. MEK and ERK inhibitors are being developed.  

One issue that our studies begin to address is to define the importance of the LMW AR in 
regulating gene expression in prostate tumorigenesis. Rather than focusing on the precise identify 
of the LMW AR, we realized that the common feature of all the LMW forms is that they are missing 
the LBD and as such would translocate into the nucleus in the absence of androgen. This 
provided us with an opportunity to use two cell lines that have the LMW forms and define the AR 
binding and androgen dependent gene expression profiles. To accomplish this we first need to 
determine the similarities and difference of the two cell lines. We anticipated that they would be 
similar, but to our surprise the androgen-dependent gene expression and the gene expression 
profile in general of the two times is very different. Yet the AR DNA binding profile is similar. This 
is a crucial finding, since it argues that androgen dependent gene expression is governed by two 
features: 1) the binding AR to regulatory regions of genes and 2) the subsequence regulation of 
AR-mediated transcription by AR co-regulator. These co-regulators are different in different 
cellular contexts. The LMW AR is subject to regulation by the co-factors as well, but since LMW 
AR is missing a portion of the molecule it’s interaction will be different from that of the full length 
AR. This is what we have seen in our studies.  

From a clinical perspective, the AR interacting co-regulators may be therapeutic opportunities. But 
since the co-regulators are bound to be different in different prostate tumors, the optimal 
therapeutic treatment would differ from patient to patient. Understanding the AR regulatory 
mechanisms in specific tumors is the key to defining the most efficacious treatment.     

REFERENCES: References are in the manuscripts. 
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SUPPORTING DATA: All figures and/or tables shall include legends and be clearly marked with 
figure/table numbers. 

 

 

Figure 1. The identification of the potential chromosomal binding sites of LMW AR in Rv1 
cells by ChIP-on-chip assay.  A.  The cytoplasmic and nuclear extracts showed the cellular 
location of the FL- and LMW-AR in Rv1 and R1 cells in the absence and presence of androgen. 
B.  The diagram showed the number of the overlapping chromosomal binding sites identified in 
Rv1 cells cultured in the absence of androgen (orange) or stimulated with DHT for 2hr (yellow) 
and in R1 cells stimulated with DHT for 2hr (yellow).  C. An extensive view of the binding sites in 
chromosome 12 identified in Rv1 cells cultured in the absence of androgen (Rv1-AD-) or 
stimulated by DHT for 2hr (Rv1_AD+) (top panel). A closer view of the binding sites around the 
gene CDKN1B in Rv1 cells cultured in the absence androgen or stimulated by DHT for 2hr 
(bottom panel).  The graph was generated using UCSC genome browser.  D. A pie chart showing 
the distribution of the binding motifs of AR in the absence of androgen (AD-) or in response to 
DHT for 2hr. 
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Figure 2. Transcriptional regulation of LMW-AR in Rv1 cells.  (A). Real-time PCR analysis of 
LMW-AR bound genes in response to DHT stimulation or inhibition of LMW-AR expression by 
calpeptin treatment. Rv1 cells proliferated in the absence of androgen were incubated with10nM 
DHT for 2hr or 40uM calpeptin for 48hr. (B). Calpeptin treatment reduced the amount of LMW-AR 
in the Rv1 nucleus extract.  Rv1 cells proliferated in the absence of androgen were treated with 
40uM calpeptin for 48hr. Cells were harvested, fractionated and subject to Western blot. The band 
is the LMW-AR and FL-AR is invisible on this blot. (C).  Real-time PCR analysis of Filamin A and 
UGT2B15.  Rv1 cells proliferated in the absence of androgen were treated with anti-filamin A 
siRNA or control siRNA for 72hr, then harvested for RNA extraction, or treated with 10nM DHT for 
2hr and then harvested for RNA extraction.  
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Table 9.  The list of potential LMW-AR chromosomal binding sites identified by ChIP-on-
chip in Rv1 cells cultured in androgen depleted medium.  
chrom
osome start end FDR 

Closest 
gene  

distance_
to_TSS location 

chr1 16864805 16865837 0.05 NBPF1 -52753 TSS_upstream 
  22136758 22137152 0.00 HSPG2 -622 TSS_upstream 

* 42578210 42578867 0.05 FOXJ3 -5049 TSS_upstream 
  85111676 85111897 0.05 EDG7 -7357 TSS_upstream 
  152657272 152657555 0.04 IL6R 13121 intron 

* 159635314 159635709 0.05 C1orf192 -31224 TSS_upstream 
  161110301 161110770 0.05 C1orf110 -5307 TSS_upstream 

  205563333 205563694 0.00 CD55 234307
TES_downstrea
m 

  208025311 208026089 0.04 C1orf74 -1188 TSS_upstream 
  216522748 216523246 0.00 CGI-115 -2277 TSS_upstream 
  216524107 216524509 0.05 CGI-115 -966 TSS_upstream 
  224074724 224075447 0.02 EPHX1 -4513 TSS_upstream 
  224076182 224076536 0.03 EPHX1 -3239 TSS_upstream 
  226930302 226930964 0.05 RHOU -6858 TSS_upstream 
  227474815 227475660 0.05 RAB4A 1736 intron 
  227687485 227687790 0.05 NUP133 23073 intron 
chr2 9068246 9068784 0.05 MBOAT2 -7189 TSS_upstream 

* 61096462 61097660 0.00 FLJ32312 1650 5'UTR 

  96709406 96710018 0.02
LOC9034
2 -15208 TSS_upstream 

  102100298 102100788 0.05 IL1R1 -36290 TSS_upstream 
  109906570 109906985 0.02 RGPD7 -846 TSS_upstream 
  110771915 110772458 0.02 RGPD5 -282326 TSS_upstream 
  111053390 111053866 0.05 RGPD5 -851 TSS_upstream 

* 121756809 121757420 0.05 TFCP2L1 2130 intron 
  135313183 135314419 0.00 ACMSD 1146 intron 
  217188354 217189045 0.05 IGFBP2 -17672 TSS_upstream 
  238433717 238434904 0.00 RAMP1 1385 intron 
  241681282 241681890 0.02 MTERFD2 8810 3'UTR 
chr3 95228036 95228573 0.05 STX19 1839 5'UTR 
  155525085 155526261 0.00 DHX36 -709 TSS_upstream 
  170972672 170973372 0.00 MYNN -524 TSS_upstream 
  184090480 184091149 0.00 ATP11B 96830 intron 
  189407063 189407672 0.00 LPP -6047 TSS_upstream 
  189411186 189411946 0.00 LPP -1848 TSS_upstream 
chr4 39868356 39869125 0.02 RHOH -6256 TSS_upstream 
  39869633 39869883 0.05 RHOH -5238 TSS_upstream 
  57242033 57242991 0.05 HOP -191 TSS_upstream 

* 69116609 69117122 0.05 UGT2B17 -26 TSS_upstream 
* 69570641 69571326 0.02 UGT2B15 -5 TSS_upstream 

  71417985 71418195 0.05 UNQ689 -796 TSS_upstream 

  83631386 83632082 0.02 MASA 60948
TES_downstrea
m 

  104160587 104161189 0.00
LOC1501
59 -564 TSS_upstream 
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  116253672 116254863 0.05 NDST4 213 5'UTR 

chr5 17358364 17359521 0.00 BASP1 88193
TES_downstrea
m 

  43075976 43077397 0.05
LOC3892
89 -589 TSS_upstream 

  69043534 69043826 0.05 SMA4 -32839 TSS_upstream 
  69174442 69174858 0.05 GUSBP1 -60708 TSS_upstream 
  71046170 71046891 0.00 CARTPT -4219 TSS_upstream 
  95003096 95003955 0.00 RFESD -4816 TSS_upstream 
  132412520 132413483 0.00 HSPA4 -2559 TSS_upstream 
  133356892 133357581 0.05 VDAC1 11095 5'UTR 

* 147271350 147271821 0.05
MGC2398
5 -5328 TSS_upstream 

  165140913 165141810 0.05 MAT2B 2278553
TES_downstrea
m 

  165145723 165146101 0.00 MAT2B 2283104
TES_downstrea
m 

  177409706 177410694 0.00 PROP1 -54352 TSS_upstream 
chr6 27555314 27555674 0.02 ZNF184 -6637 TSS_upstream 
  32481685 32482038 0.05 BTNL2 1016 intron 
  35802763 35803273 0.02 C6orf81 -9818 TSS_upstream 
  123134867 123135269 0.05 FABP7 -7276 TSS_upstream 

chr7 77258666 77258951 0.00 TMEM60 6874
TES_downstrea
m 

  77259297 77259870 0.00 TMEM60 6099
TES_downstrea
m 

  86810485 86812436 0.05 CROT -1486 TSS_upstream 
  90173344 90174014 0.05 PFTK1 -2968 TSS_upstream 
  91720528 91720823 0.02 KRIT1 -7512 TSS_upstream 
  94789986 94790898 0.05 PON1 1337 intron 
  99262534 99262861 0.02 CYP3A43 -874 TSS_upstream 
  99263324 99263899 0.00 CYP3A43 40 5'UTR 
chr8 1908276 1908755 0.04 KBTBD11 -935 TSS_upstream 
  1985866 1986424 0.05 MYOM2 5491 5'UTR 
  32618295 32618812 0.02 NRG1 93259 intron 

* 62764856 62765634 0.02 ASPH -327 TSS_upstream 
  81155377 81156130 0.05 TPD52 -189 TSS_upstream 
  92016257 92016819 0.02 EFCBP1 143585 intron 
  95635315 95635625 0.05 KIAA1429 -607 TSS_upstream 
  104842195 104842405 0.02 RIMS2 -58375 TSS_upstream 
  134408137 134408683 0.05 NDRG1 -29731 TSS_upstream 

chr9 458522 459780 0.00 DOCK8 196104
TES_downstrea
m 

  42014216 42015102 0.00
MGC2188
1 -69629 TSS_upstream 

  42473311 42473672 0.05
ANKRD20
A3 115193

TES_downstrea
m 

  43008156 43008569 0.05
ANKRD20
A3 650064

TES_downstrea
m 

  83490582 83491814 0.05 TLE1 2217 intron 
* 127099076 127099337 0.05 GAPVD1 35275 5'UTR 

  130683610 130683946 0.05 CCBL1 396 5'UTR 
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chr10 75005198 75007594 0.00 USP54 -23293 TSS_upstream 
  88842056 88843108 0.04 GLUD1 2020 intron 
  111752538 111753211 0.05 ADD3 -2841 TSS_upstream 
  114110373 114110898 0.02 ACSL5 -13270 TSS_upstream 
chr11 76424867 76425442 0.04 B3GNT6 2047 5'UTR 
  101688751 101689123 0.05 BIRC3 -4466 TSS_upstream 
  110679133 110682583 0.00 FLJ45803 -5110 TSS_upstream 

  116515530 116515766 0.00
PAFAH1B
2 -4601 TSS_upstream 

chr12 12762638 12763601 0.05 CDKN1B 1544 exon 
  12921346 12922113 0.05 GPRC5A -13493 TSS_upstream 

  41273916 41274369 0.05
PRICKLE
1 -4398 TSS_upstream 

  45472464 45473769 0.00 SLC38A4 32885 exon 
  69324316 69324768 0.02 PTPRR 110089 intron 

* 69842894 69844074 0.02 TSPAN8 452 intron 
  89919368 89919774 0.05 DSPG3 3362 intron 

* 100393303 100394366 0.00 SPIC -953 TSS_upstream 
  102787842 102789518 0.00 NT5DC3 -29576 TSS_upstream 
  108233254 108234362 0.00 FOXN4 -2401 TSS_upstream 
chr13      
* 27089576 27090358 0.00 LNX2 2571 5'UTR 
  31417733 31418816 0.02 FRY -85162 TSS_upstream 
  48871900 48872719 0.05 CAB39L 1190 5'UTR 
chr14 52082233 52082434 0.05 KIAA1344 6629 5'UTR 

  57128860 57129691 0.05 C14orf105 323896
TES_downstrea
m 

  67066319 67067360 0.00 PLEKHH1 -2921 TSS_upstream 
  77235294 77235817 0.02 ALKBH1 8553 intron 
chr15 20286282 20286797 0.04 TUBGCP5 -98403 TSS_upstream 

  21131612 21131948 0.00 FLJ36144 111702
TES_downstrea
m 

  26277642 26277943 0.05
GOLGA8
G -19612 TSS_upstream 

  26596571 26596904 0.05
GOLGA8
G -19580 TSS_upstream 

  40350094 40350898 0.02 TMEM87A 2426 intron 
* 66901192 66901763 0.02 ANP32A -1201 TSS_upstream 
* 89205500 89205991 0.00 FURIN -7143 TSS_upstream 

chr16 53518414 53519450 0.02 IRX5 -3679 TSS_upstream 
chr17      
* 7998727 7999908 0.00 PER1 -2891 TSS_upstream 
  19486254 19486717 0.05 ALDH3A2 -6170 TSS_upstream 
chr18 19518446 19519169 0.00 LAMA3 -4752 TSS_upstream 
  46811264 46812019 0.02 SMAD4 1031 5'UTR 

chr20 31242786 31243701 0.00 C20orf70 23623
TES_downstrea
m 

  57966260 57966718 0.05 CDH26 -387 TSS_upstream 
chr22 14653344 14654277 0.00 ACTBL1 14126 3'UTR 

  19829248 19829710 0.05 FLJ42953 42175
TES_downstrea
m 
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  19949347 19950008 0.05 GGT2 -39096 TSS_upstream 

  43964814 43965717 0.00 C22orf9 21745
TES_downstrea
m 

chrX 106756502 106757108 0.02 PRPS1 -1609 TSS_upstream 
  128623040 128623977 0.00 APLN -6914 TSS_upstream 
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Abstract

Prostate carcinoma is the most commonly diagnosed cancer
in men and the second leading cause of death due to cancer in
Western civilization. Androgen ablation therapy is effective in
treating androgen-dependent tumors, but eventually, andro-
gen-independent tumors recur and are refractory to conven-
tional chemotherapeutics. Hence, the emergence of androgen
independence is the most challenging problem in managing
prostate tumors. We report a novel mechanism of androgen
independence: calpain cleaves the androgen receptor (AR)
into an androgen-independent isoform. In vitro and in vivo
analyses show that calpain removes the COOH-terminal ligand
binding domain generating a constitutively active molecule.
Analysis of human prostate tumors indicates that several
tumors express higher levels of this truncated AR than
noncancerous prostate tissue. In transient transfection stud-
ies, the truncated AR is three to five times more potent than
the full-length receptor in transactivating transcription. The
androgen-independent Rv1 cells express high levels of the
truncated AR, and treatment of these cells with a calpain
inhibitor reduces truncated AR expression. In the absence of
androgen, inhibition of calpain activity induces apoptosis. The
HIV protease inhibitor amprenavir inhibits calpain activity
and is also effective in inducing apoptosis in the Rv1 cell line.
The cell culture studies were reproduced in a mouse xenograft
model, where, in the absence of androgens, amprenavir
significantly reduces tumor growth. Together, these studies
indicate that calpain-dependent proteolysis of the AR may be
a mechanism of androgen independence. The calpain inhibi-
tion studies suggest that inhibiting this activity may be a
potential treatment for some androgen-independent prostate
tumors. [Cancer Res 2007;67(19):9001–5]

Introduction

Most prostate cancers initially present as androgen-dependent
neoplasms and therapy relies on androgen ablation aimed at
blocking androgen receptor (AR) cell signaling. Although initially
successful, androgen-independent tumors that are refractory to
such treatments eventually emerge (1). Many androgen-indepen-
dent prostate cancers continue to express the AR and exhibit
reinstatement of its function. Several mechanisms may account for

AR activation in low levels of androgen: (a) AR mutations that
require low levels of androgen; (b) activation of AR by nonsteroid
ligands, such as growth factors and cytokines (2); (c) over-
expression/amplification of AR or its coactivators (3); (d) locus-
wide histone transcriptional activation at some, but not all, AR
targets (4); and (e) proteolytic processing of the AR to an androgen-
independent isoform.

The AR consists of four functional domains: an NH2-terminal
regulatory region, a DNA-binding domain, a hinge domain, and a
COOH-terminal ligand binding domain (LBD; ref. 5). The binding
of hormone to the LBD allows for translocation of the receptor into
the nucleus and recruitment of proteins to the transcription com-
plex (6). Previous reports show that deletion of the LBD generates
an androgen-independent transcriptional activator (7).

Calpains, calcium-dependent proteinases, are ubiquitously
expressed. In general, calpains cleave proteins at a limited number
of sites to generate large polypeptides (8). Substrate specificity is
based on sequence and substrate conformation (9). Calpain activity
is regulated by multiple mechanisms, including calcium modula-
tion, autoproteolysis, phosphorylation, intracellular distribution,
and inhibition by calpastatin (8). Interestingly, calpain 2 levels are
elevated in invasive prostate tumors and are highest in metastatic
neoplasms (10).

Materials and Methods

Cell culture. LNCaP, Rv1, PC3, and MCF-7 cells were obtained from

American Type Culture Collection and propagated in RPMI 1640 supple-

mented with 5% fetal bovine serum, 2 mmol/L L-glutamine, 100 units/mL

penicillin, and 100 Ag/mL streptomycin (Invitrogen) at 37jC and 5% CO2.
Western immunoblot analysis. Cells were lysed in ice-cold radio-

immunoprecipitation assay buffer containing E64, leupeptin, and calpeptin

(Calbiochem), and protease inhibitor cocktail P8340 (Sigma). Proteins
(30–50 Ag) were separated on 10% SDS-PAGE gels, transferred to BA-83

membrane (Schleicher & Schuell), and blocked with 5% nonfat dry milk

in PBS/0.1% Tween. The following antibodies were used: AR (central) 441

(Ab-1; Lab Vision Corp.), AR (COOH-terminus) C-19 (Santa Cruz
Biotechnology, Inc.), AR (NH2-terminus) PG21 (Upstate), PSA-ER-PR8 (Neo

Markers), and focal adhesion kinase (FAK; clone 4.47; Upstate). Proteins

were detected using chemiluminescence (Amersham Pharmacia).

In vivo calpain induction. LNCaP cells were plated, cultured overnight,
pretreated with 40 Amol/L of calpeptin or DMSO for 15 min, and then

treated with 10 Amol/L ionomycin (Calbiochem) for 20 min. Cells were

harvested, lysed, and assayed as described above.
In vivo calpain inhibition. Rv1 cells (2 � 105) were plated in 35-mm

plates and cultured overnight. Cells were treated with DMSO, 40 Amol/L

calpeptin, or 30 Ag/mL amprenavir, for 24 or 48 h, washed with cold PBS,

and harvested. Amprenavir (GlaxoSmithKline) was provided by D.M.A. For
analysis of calpain inhibition in the presence or absence of androgens, cells

were plated at 105 in 35-mm plates and propagated in androgen-containing

or androgen-depleted media (phenol red–free media/charcoal-stripped
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serum) for 48 h before addition of calpeptin, amprenavir (at 15 or
30 Ag/mL), or DMSO. Cells were refed daily for 3 days. Floating and adherent

cells were harvested, washed in PBS, and fixed in 4% paraformaldehyde/

PBS (pH 7.4) overnight at 4jC. Cells were stained with 4¶,6-diamidino-

2-phenylindole (DAPI; 0.2 Ag/mL in 1% Triton X-100/2% paraformaldehyde)
for 30 min at 4jC in the dark, washed with PBS, spotted onto slides, dried,

coverslipped, and examined by fluorescence microscopy.

In vitro calpain assay. LNCaP cells were resuspended in calpain assay

buffer [50 mmol/L HEPES buffer (pH 7.4), 150 mmol/L NaCl, 1 mmol/L
EDTA, 1% Triton X-100]. Calpain was activated with CaCl2, and reactions

were incubated at 25jC for 60 min. Alternatively, LNCaP or Rv1 extracts

were treated with increasing concentrations of calpain 2 (Calbiochem) for

60 min at 25jC. Reactions were terminated by boiling.
Plasmid construction. The truncated form of AR (tr-AR) was generated

by PCR amplification of the sequences encoding amino acids 1 to 648 using

the primers, 5¶-GGATGGAAGTGCAGTTAGGGC-3¶ and 5¶-GGTGCTGGAA-
GCCTCTCCTT-3¶, followed by cloning into pCR 2.1 TOPO (Invitrogen).

Cloned sequence was excised by Xba1 and BamH1 and cloned into the

Xba1 and BamH1 sites of pcDNA3 (Invitrogen).

Transfection and luciferase assays. PC3 cells were propagated in
control or androgen-depleted media. Cells were transfected using Effectene

(Qiagen) and analyzed as described previously (11).

Cell proliferation assay. Cellular proliferation was assessed using the

3-(4,5-dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay (Promega) following manufacturer’s recom-

mendations.

Human prostate specimens. Tumor tissue samples, flash frozen in
liquid nitrogen, were obtained from the University of California Davis

Cancer Center Tissue Bank. Cellular extracts were prepared as described

previously (11).

Animals and xenograft studies. Rv1 xenograft studies were done
as described previously (12). Three days after castration, 4-week-old athymic

mice (Harlan Sprague-Dawley) were injected with 1.5 � 106 Rv1 cells in

Matrigel (1:1). Mice were randomized into control and treatment groups.

Once tumors were measurable, mice were treated with amprenavir (160 mg/kg
in peanut oil), or vehicle daily. Animal studies were Institutional Animal Care

and Use Committee approved.

Statistics. Analyses using a two-tailed Student’s t test were used to
compare two groups. P < 0.05 was considered statistically significant. Error

bars represent SE.

Results

Calpain cleavage of the AR. To investigate the link between
calpain and prostate tumorigenesis, we examined the AR for
potential cleavage sites. Theoretically, the consensus calpain
cleavage site (9) between residues 648 and 649 of the human AR
would generate two polypeptides: an f80-kDa polypeptide consist-
ing of the transactivation, DNA binding, and hinge domains and a
f30-kDa LBD. To test this possibility, LNCaP cell extracts were
treated with increasing concentrations of CaCl2 to activate calpain.
Addition of calcium promoted AR proteolysis to an f80-kDa
truncated form (tr-AR; Fig. 1A). Addition of calpain inhibitors
calpeptin or EGTA prevented proteolysis. Calpain activation was
confirmed by analysis of FAK (8). Addition of calcium promoted FAK
cleavage from a 120- to a 90-kDa form (Fig. 1A). The high calcium
levels required for proteolysis implicated calpain 2 (8). Indeed,
addition of calpain 2 resulted in the appearance of the tr-AR and a
disappearance of the full-length AR (FL-AR; Fig. 1B). In addition,
analysis using antibodies directed against the LBD showed that cal-
pain proteolysis caused the disappearance of FL-AR and appearance
of a 30-kDa fragment (Fig. 1B), confirming deletion of this region.

Our previous study identified a novel AR mutation in Rv1 cells,
a line derived from the relapsed CWR22R-2152 human xenograft.
Rv1 cells contain a duplication of the third exon (13) that was not
detected in the parental, androgen-dependent CWR22 tumor (14),
and express an 80- to 85-kDa tr-AR that is missing the LBD.
Treatment of the Rv1 extracts with calpain 2 completely converted
the FL-AR to the tr-AR (Fig. 1C).
In vivo inhibition and activation of AR proteolysis.

Treatment of LNCaP cells with the calcium ionophore ionomycin
activated endogenous calpain resulting in proteolysis of the AR to
an f80-kDa isoform (Fig. 2A). In a complementary experiment,
calpeptin treatment of intact Rv1 cells reduced the level of the
tr-AR (Fig. 2B). These in vivo results establish that the AR is a
calpain substrate.

Truncated AR is more efficient in transactivating transcrip-
tion. An expression plasmid encoding tr-AR was generated to

Figure 1. The AR is a calpain substrate. A, Western immunoblot analysis (Ab: AR441) revealed that addition of CaCl2 to LNCaP extracts resulted in cleavage of the
AR to a truncated isoform. Addition of calpeptin or EGTA inhibited AR proteolysis. Addition of CaCl2 activates proteolysis of FAK to a 90-kDa isoform. B, addition of
purified calpain 2 (0.17 units/AL) to LNCaP extracts promoted AR proteolysis, which was inhibited by calpeptin. An antibody directed against the COOH-terminal
region of the AR (C-19) detected the full-length and 30-kDa COOH-terminal fragments. C, treatment of CWR22Rv1 extracts with calpain 2 resulted in the proteolysis of
the FL-AR to the truncated isoform.
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determine the efficacy of the tr-AR in transactivating transcription.
In transient transfection studies, tr-AR was three to five times more
robust than FL-AR in transactivating an AR-dependent prostate
specific antigen (PSA) promoter and acted in a ligand-independent
manner (Fig. 2C). A Western blot analysis of FL-AR– and tr-AR–
transfected cells shows that the levels of AR expression is com-

parable; therefore, the increase in tr-AR activity can be attributed
to enhanced transactivation function (Fig. 2D).

Truncated AR expression in prostate tumors. To establish
the potential clinical relevance of these observations, the AR was
examined in normal and malignant prostate. Nonmalignant tissue
(benign prostatic hyperplasia) expressed very low levels of tr-AR

Figure 3. Human prostate tumors express the tr-AR. A, tumors 01, 30, and 94 express higher levels of an AR isoform that is similar in size to the isoform detected in
CWR22Rv1. Bottom, a longer exposure that shows that although the tumor sample and control prostate tissue express similar amounts of the AR, the tumor samples
have much higher levels of the truncated isoform. A Western blot analysis using an antibody directed against the NH2-terminal region of the AR and tumor sample
01 confirms that the truncated form has a COOH-terminal deletion. Partially cleaved LNCaP AR (lighter exposure) served as a marker. Tumor samples were flash frozen
in liquid nitrogen within 30 min of tumor resection and stored in liquid nitrogen to minimize proteolytic activity. B, expression of cleaved FAK (90-kDa form) is higher in
tumor samples that have elevated levels of the tr-AR. C, growth curve of Rv1 cells proliferating in AD+ media (closed rectangles ), AD+ media and 40 Amol/L calpeptin
(open rectangles ), AD� media (closed circles ), and AD� media and 40 Amol/L calpeptin (open circles). Cellular proliferation was quantitated using the MTS assay.
D, Western blot analysis of PSA expression in Rv1 cells proliferating in AD+ and AD� media, in the presence or absence of calpeptin. NS, nonspecific band.

Figure 2. In vivo inhibition of activation of calpain
activity. A, treatment of LNCaP cells with ionomycin
promotes proteolysis of the AR to the truncated
isoform. B, treatment of CWR22Rv1 cells with
40 Amol/L calpeptin for 24 or 48 h reduces the
expression of the tr-AR. C, the tr-AR efficiently
transactivates transcription of the androgen-
responsive PSA promoter. PC3 cells were plated
(1.0 � 105 cells/35-mm dish), propagated in control or
androgen-depleted media, and transfected with
PSA-luciferase 0.03 (Ag), 0.050 Ag of FL-AR,
tr-AR, or vector pcDNA3, and 0.020 Ag of the
CMV-h-galactosidase plasmids. In the absence of
androgens, the tr-AR is f8-fold more effective than
the FL-AR in transactivating transcription. Columns,
fold transactivation; bars, SE. D, a Western blot
analysis of cells transfected with the control pCDNA3,
tr-AR, or FL-AR plasmid along with the luciferase
expression plasmid and CMV-h-galactosidase
plasmids shows the expression levels of the tr-AR and
FL-AR. Loading was normalized to h-galactosidase
activity.
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(Fig. 3A). However, tumor samples (01, 30, and 94) expressed higher
amounts of this isoform. In tumor sample 01, tr-AR accounted for
f30% of the AR. Moreover, tumors with higher tr-AR levels had
elevated FAK cleavage, suggesting elevated calpain activity (Fig. 3B).

Inhibition of calpain activity in the absence of androgen
promotes apoptosis. Does calpain inhibition in the absence of
androgens caused reversion of the Rv1 cells to the parental
androgen-dependent phenotype? Cells proliferated in the absence
of androgen but more slowly then in androgen-containing media.
Calpeptin-treated cells survived well in the presence of androgen,
although calpeptin retarded proliferation (Fig. 3C). However, cal-
peptin treatment in the absence of androgens resulted in a decrease
of viable cells. A 48-h calpeptin treatment in the presence of andro-
gens did not reduce the expression of the endogenous androgen-
responsive PSA gene, whereas calpeptin treatment in the absence
of androgens reduced PSA expression significantly, suggesting a
block in AR-dependent transcription (Fig. 3D). A 72-h calpeptin
treatment in the absence of androgens induced apoptosis in f40%
of the cells, supporting the hypothesis that calpain inhibition
causes Rv1 cells to revert to an androgen-dependent phenotype
(Fig. 4A).

An HIV protease inhibitor inhibits calpain activity. Calpeptin,
while effective in cell culture studies, has limited utility for animal
studies. A previous report indicated that HIV protease inhibitors
inhibit calpain activity (15); therefore, Rv1 cells were treated with
amprenavir. The effective amprenavir dose was two or four times
the peak plasma level used in anti-retroviral therapy. Amprenavir
treatment reduced expression of tr-AR (Fig. 4B). Importantly,
treatment of Rv1 cells with amprenavir in the absence of androgens
caused the cells to undergo apoptosis (Fig. 4C).

Amprenavir inhibits tumor growth. To test the efficacy of
amprenavir in a mouse model, Rv1 tumors were established in
castrated nude mice. Amprenavir or vehicle was given daily at a
dose that is equivalent to 3.3 times the pediatric dosage used in
anti-HIV therapy. Tumor growth was followed for 6 weeks.
Amprenavir-treated mice did not exhibit any apparent toxicity
and amprenavir treatment resulted in a statistically significant
inhibition of tumor growth (Fig. 4D).

Discussion

The role of calpain in the etiology and progression of cancer is
supported by reports of increased calpain levels in prostate, renal,
and colorectal tumors (10, 16, 17). Calpain cleavage affects various
aspects of cell physiology and the consequences of increased
calpain activity are determined by cellular context. We and others
(18) find that the AR is a calpain substrate. The current study
shows that calpain cleaves the AR, removing the LBD to generate a
constitutively active molecule that was more robust in trans-
activating transcription from the PSA promoter. One potential
explanation for increased tr-AR activity is that the FL-AR has to be
activated by ligand, whereas the tr-AR is active immediately after
translation, hence exhibits enhanced activity. Alternatively, deletion
of a domain that interacts with coactivators and corepressors may
prevent recruitment of corepressors into the transcription
complex, enhancing transcription. Moreover, the tr-AR and FL-AR
may interact with a distinct subset of proteins and potentially
transactivate distinct cohorts of genes.

Western blot analysis of AR in tumor tissue detected elevated
expression of the truncated AR isoform in some tumors. This
analysis provides compelling evidence that expression of this

Figure 4. Treatment of Rv1 cells with
calpain inhibitors in the absence of
androgens promotes apoptosis. A, Rv1 cells
were propagated in the absence or presence
of androgens and treated with DMSO or
calpeptin (40 Amol/L) for 72 h. After
fixation, cells were stained with DAPI and
fluorescence microscopy was used to detect
chromatin condensation and pyknotic nuclei.
B, treatment of Rv1 cells with 30 Ag/mL
amprenavir (APV ; 48 h) reduced the
expression of tr-AR. C, Rv1 cells growing in
the presence or absence of androgen were
treated with 15 or 30 Ag/mL amprenavir or
DMSO for 72 h. DAPI staining was used
to detect apoptotic cells. D, amprenavir
treatment retards the androgen-independent
growth of Rv1 xenografts in mice.
Rv1 tumors were established in nude
athymic mice as described previously.
Tumor-bearing mice were randomly
assigned to control (8 animals) or
experimental (7 animals) groups. When
tumors were measurable (f10 d), mice
were treated daily with amprenavir
(160 mg/kg; 4 mg/25 g mouse, 100 AL) or
vehicle (peanut oil) by esophageal gavage.
Tumor sizes were measured with digital
calipers and volumes were calculated using
the formula: tumor volume (mm3) = width �
length � height � 0.5236. Results are
presented as mean tumor volume for each
group at each time point. Red, amprenavir
treatment; blue, control. Points, tumor size;
bars, SE.
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isoform is not a rare event restricted to relapsed cell lines derived
from a single tumor (CWR22) but a previously uncharacterized
feature of certain prostate tumors. Higher levels of FAK cleavage in
these samples suggest higher calpain activity. The role of the
truncated AR in the etiology of androgen independence is
buttressed by the identification of a Q640 termination mutation
in an androgen-independent prostate tumor (19). This mutation
results in the expression of a tr-AR missing the LBD.

Rv1 cells, but not the parental CWR22 androgen-dependent xeno-
grafts, express high levels of a COOH-terminally truncated AR.
During progression of the CWR22 cells to androgen independence,
the Rv1 line acquired an additional mutation, resulting in the inser-
tion of sequences near the calpain cleavage site, perhaps sensitizing
the molecule to calpain-mediated proteolysis. Treatment of Rv1
cells with calpain inhibitors in the absence of androgens causes
the cells to undergo apoptosis possibly by causing reversion to
the androgen-dependent phenotype. This argues that androgen-
independent growth and survival of Rv1 is in part due to the
generation of a constitutively active tr-AR.

Although HIV protease inhibitors were developed to specifically
inhibit a HIV protease, they also possess anti-calpain activity (15).
We have shown that amprenavir mimics the effects of calpeptin. If
increased calpain activity contributes to prostate tumorigenesis,
then inhibition of this activity would be an attractive therapeutic
target. The results of the current study raise the possibility that HIV
protease inhibitors may have efficacy in reducing the growth of
certain prostate tumors.
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a b s t r a c t

Prostate cancer remains one of the most commonly diagnosed cancers and a leading cause
of cancer death in men. Initially, prostate tumors respond to hormonal therapies, but
androgen-independent tumors refractory to these therapies emerge. Identifying the mech-
anisms responsible for the emergence of androgen independence has been the subject of
multiple studies. This article reviews the multiple pathways that have been shown to pro-
mote androgen independence, including a recently described mechanism that involves
androgen receptor proteolysis to a constitutively active ligand-independent isoform. Iden-
tifying the underlying mechanisms of androgen independence is crucial in the design of
appropriate therapies for hormonally refractive neoplasms.

� 2009 Published by Elsevier Ireland Ltd.

1. Introduction

Prostate cancer (CaPs) is one of most commonly diag-
nosed malignancies in the developed world [1]. Most CaPs,
as well as normal prostate tissue, are dependent on the
presence of androgens for growth and survival. Localized
CaPs can be effectively treated with radical prostatectomy
or radiation therapy. For more advanced neoplasms andro-
gen ablation therapy aimed at blocking signaling through
the androgen receptor (AR), is an effective initial treatment
option [2]. Unfortunately, aggressive androgen-indepen-
dent (AI) cancers refractory to conventional hormonal
therapies eventually develop. The majority of AI continue
to express AR, which appears to function despite the cas-
trate levels of androgen [3–5].

2. Androgen receptor

The AR mediates the action of androgens, steroid hor-
mones that are essential for the expression of the male
phenotype. During development the initial event of male

differentiation, the development of testes from the gonadal
ridge, does not require androgens. However, the subse-
quent differentiation cascade that includes inhibition of
the development of female internal genitalia and the
induction of differentiation of the Wolffian ducts into the
male internal genitalia, depends on the action of testoster-
one. The development of the prostate, the prostatic urethra
and the masculinization of the external genitalia requires
the more potent androgen-dihydrotestosterone. During
puberty androgens are required for male sexual matura-
tion, while in adulthood they are essential for the mainte-
nance of male reproductive function, muscle mass and
bone density [6,7].

The AR is pivotal not only to the initiation and growth of
prostate cancers but also in their responses to therapy. Like
other members of the steroid hormone superfamily of
ligand-activated transcription factors, the AR protein con-
tains several functional domains: an N-terminal regulatory
region, a DNA-binding domain (DBD), a hinge domain and
a ligand binding domain (LBD) [8] (Fig. 1). The N-terminal
region, encoded by the first exon of the AR gene, comprises
approximately half of the AR molecule. This domain
mediates most transcriptional activity and is an important
site for interaction with co-regulators that alter AR tran-
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scriptional activity. This domain also contains long poly-
glutamine and a polyglycine repeats. The polyglutamine
repeat differs in length from 14 to 35 amino acids [9],
and different polyglutamine repeat lengths have been
linked to the modulation of AR activity. Shorter polygluta-
mine repeats are associated with more aggressive cancer
phenotypes, earlier age of onset and a higher probability
of recurrence [10–12].

The DBD, the most conserved region of the AR molecule
[13], is encoded by the second and third exon. This cys-
teine-rich region contains two zinc fingers and is essential
for recognizing androgen-response elements (ARE),
sequences that are usually in enhancer regions of AR-regu-
lated genes. The canonical high affinity ARE sequence
consists of two half sites (50-AGAACA-30) separated by

three nucleotides and binds an AR homodimer [14]. The
hinge region, encoded by exon 4, bridges the DBD and
the LBD, and includes a nuclear translocation signal, as
well as phosphorylation and acetylation sites [15].

The C-terminal sequence, encoded by the distal part of
exon 4 and exons 5, 6, 7 and 8, contains the LBD and a sec-
ond transcriptional activation region. In the absence of
hormone, the AR localizes primarily to the cytoplasm
bound to heat shock proteins (HSPs). The binding of hor-
mone to the LBD initiates a cascade of events that alters
AR conformation, promotes AR phosphorylation, dimeriza-
tion, dissociation of AR from HSPs, and translocation into
the nucleus [16–19]. Interaction of the AR with AR antago-
nists also modifies receptor conformation but this change
favors interaction with transcriptional co-repressors [16].

Fig. 1. Mechanisms of androgen receptor deregulation. Normal prostate cells are dependent on the action of the androgen receptor (top of schematic).
Androgen-independent prostate cells can employ multiple mechanisms to survive in a low androgen environment. The pathways include AR amplification,
mutation, proteolysis, activation by non-steroid growth factors, increase AR co-regulators, and an increase in local production of androgen.
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3. Multiple paths to androgen independence

The molecular events that drive the transition from an
androgen-dependent to androgen-independent state
remain unclear. It is unknown whether androgen-depen-
dent cells acquire the ability to proliferate in castrate
levels of androgen, or if castrate levels of androgen pro-
vide the selective pressure that result in the outgrowth
of a minor population of tumor cells that are andro-
gen-independent. Immunohistochemical analyses have
shown that most androgen-independent tumors continue
to express the AR [3], and the AR responsive PSA protein.
This suggests that the AR signaling pathway remains in-
tact but its regulation may be altered. Several mecha-
nisms may account for AR activation in low levels of
androgen: (1) Overexpression/amplification of AR; (2)
AR mutations that require low levels of androgen or
are activated by other steroid ligands; (3) increased local
production of androgen by prostate cells; (4) activation
of AR by non-steroid ligands such as growth factors
and cytokines; (5) altered expression of AR co-activators
or co-repressors; and a newly described mechanism; (6)
proteolytic processing of the AR to an androgen-indepen-
dent isoform (Fig. 2).

4. Overexpression/amplification of AR

Amplification of the AR gene is a potent mechanism for
increasing expression of the AR. Studies have found that
approximately 25–30% of androgen-independent tumors
that arise after hormonal therapy have AR amplification
[20,21]. The increase in receptor abundance results in suf-
ficient ligand binding for sustained AR signaling in castrate
levels of androgens. This is consistent with the reports that
patients with AR gene amplification have disease
recurrence while on therapy and have a greater likelihood
to respond to second line hormonal therapy than patients
without AR amplification. Furthermore, an analysis of
several xenograft models showed that AR gene expression
increased in progression from androgen dependence to
androgen independence [22].

5. AR mutations

Mutation of the AR gene to either a hypersensitive
receptor or a receptor with expanded ligand specificity
would confer androgen-independent properties. The fre-
quency of AR mutations has been controversial. AR muta-
tions in early stages of tumorigenesis appear to be rare
(0–4%) [23–25], but are more frequent in more advanced
tumors or recurrent tumors [26]. AR mutations were de-
tected in 10–30% of patients with androgen-independent
tumors that were treated with anti-androgen therapy
[25–28]. Mutations map to all 8 exons. LBD mutations
potentially alter ligand-receptor interaction and cluster to
three regions – codons 670–678, 701–730, and 874–910
[8,13]. The well studied prostate tumor cell line, LNCaP,
has a mutation in the LBD (T877A) that allows for activa-
tion by other steroid molecules [29]. An analysis of muta-
tions that arose in cancers treated with anti-androgen
found this mutation occurred frequently [30], suggesting
that anti-androgen therapy is a selective pressure that
drives the proliferation of cells that acquired these muta-
tions. A functional analysis using a colorimetric yeast assay
assessed the transcriptional activity of 44 AR mutations in
response to ligand binding [31]. The results showed that
the mutant receptors had diverse transcriptional activities
(summarized in Table 1). Of the 44, 16% exhibited loss of
function, 32% had partial function, 7% had wildtype func-
tion, and 45% of the tumors (20 tumors) had gain of func-
tion mutations. Of the 20 tumors, five had broadened
ligand specificity and an additional 7 were partly activated
by a combination of two steroid hormones. The importance
of the loss of function mutations is unclear, but it is possi-
ble that such mutations may confer a growth advantage to
cells that have already circumvented the need for
androgen.

6. Increased local production of androgen by prostate
cells

An increase in local production of highly active andro-
gens has been proposed as a mechanism of androgen inde-

Fig. 2. Expression of truncated AR. (A) Western blot analysis of R1 and Rv1 cells proliferating in the presence (+) and absence of androgen (�). An antibody
directed against the N-terminal region of the AR detects both isoforms of the molecule.
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pendence [32]. Analysis of testosterone and dihydrotestos-
terone in serum and in prostate tumor samples of patients
following androgen ablation therapy found that tumor
samples had higher dihydrotestosterone levels than serum
samples [33]. This suggests that prostate cancer cells, by
upregulating 5a-reductase, may more effectively convert
testosterone to the highly active dihydrotestosterone, thus
producing sufficient localized hormone to promote AR sig-
naling. Studies of gene expression in tumors resistant to
androgen withdraw found expression of several genes
important in steroid biosynthesis, squalene monooxygen-
ase, lanosterol synthetase, and HMG-CoA synthetase, were
increased in some tumors. The increase in these enzymes
suggests an endogenous production of androgenic hor-
mone, rather a conversion of testosterone to a more active
form [34]. Thus targeting rate limiting enzymes in this bio-
synthetic pathway may be a potential therapeutic option.

7. Activation of AR by growth factors and cytokines

Numerous studies indicate that the AR can be acti-
vated by interaction with non-steroid molecules or in a

ligand-independent manner. Growth factors that are li-
gands for receptor tyrosine kinases including epidermal
growth factor, insulin-like growth factor, and keratino-
cyte growth factor, can initiate a signaling cascade that
culminates in AR activation [35]. Similarly, overexpres-
sion of HER2/neu has been shown to activate AR-depen-
dent gene transcription [36]. Additionally, interleukins
(IL6 and 8) [37,38] and neuropeptides [gastrin releasing
peptide (GRP) and neurotensin] [39] are able to initiate
signaling pathways that lead to activation of the AR in
the absence of ligand. While the initiating signaling
event differs, all of these mechanisms employ a phos-
phorylation cascade, including the well known AKT and
MAPK pathways [40].

The androgen-independent signaling initiated by neu-
ropeptides is of particular interest since an increase of
neuroendocrine cells, and an increase in neuroendocrine
cell-derived soluble factors such as GRP, neurotensin, sero-
tonin, IL8, and IL6 in prostate tissue, has been associated
with androgen ablation therapy [41–43]. Additionally,
receptors for GRP, neurotensin and IL6 are present on
prostate tumor derived cells [42]. Thus, neuroendocrine
molecules can serve as paracrine factors to stimulate
tumor proliferation in an androgen-independent manner
[44–46]. IL6 and IL8 mediate inflammatory responses,
suggesting that the immune system may play a role in
prostate cancer. The latter mechanism underscores the
potential importance of the tumor-microenvironment
interaction in the development of androgen independence.

8. Altered expression of AR co-activators

Over 130 putative AR interacting co-regulators have
been reported in the literature (for review see [47]). It
should be noted that some were identified using yeast
two hybrid screens with discrete AR domains and their
physiologic function is unclear. However, other interac-
tions have been well characterized and shown to regulate
AR localization, stability, DNA-binding, and transcriptional
activity (Table 2). AR co-regulators can be broadly grouped
as (1) Chaperones. These proteins (including heat shock
proteins) interact with newly translated AR to promote
proper folding, cytoplasmic localization, AR stability and
interaction with ligand. (2) Histone and chromatin modify-
ing proteins. (3) Factors that bridge the transcriptional
machinery to the AR. Alteration in co-regulator levels has
been proposed as a mechanism that contributes to andro-
gen independence.

Some of the best studied cofactors are members of the
family of p160 kDa protein steroid receptor co-activators
[48]. This family consists of SRC-1, transcriptional interme-
diary factor 2 (TIF2), and amplified in breast cancer (AIB1/
SRC-3) [49–52]. These proteins possess histone acetylase
activities, but are also able to recruit other histone acety-
lases such as the CREB-binding protein p300 and PCAF
[18]. An analysis of prostate cancer samples from patients,
who failed endocrine therapy, showed that expression of
SRC-1 and TIF2 was more intense than in those from pa-
tients with benign prostatic hyperplasia or androgen-
dependent tumors [53]. Studies also noted that there was

Table 1
AR mutations in prostate tumors studied in a yeast assay system

Mutation Domain

Not activated by DHT, DHEA, E2, PG, HC, FL, BI
A586V DBD L830P LBD
C619Y DBD S865P LBD
M749l LBD V866M LBD
S791P LBD

Slightly activated by DHT only
L574P DBD F754L LBD
G683A LBD S759P LBD
A721T LBD F891L LBD

Moderately activated by DHT only
K720E LBD L880Q LBD
T755A LBD G909E LBD

Complete (Wt level) activated by DHT only
Y763C LBD

Activity similar to wt AR (activated by DHT and modest activation by DHEA)
T575A DBD R726L LBD
A587S DBD V730M LBD
R629Q hinge V757A LBD
K630T hinge S782N LBD
S647N hinge Q798E LBD
Q670R hinge R846 LBD
I672T LBD K910R LBD
K717E LBD Q919R LBD

Activated by DHT and enhanced activation by DHEA
A748T LBD D890N LBD
A748V LBD A896T LBD
G750S LBD
Activated by DHT, DHEA, PG
H874Y LBD

Activated by DHT, DHEA, PG, E2, FL

T877A LBD most frequently encountered mutation
Activated by DHT, DHEA, PG, E2, BI
V715M LBD

Activated by DHT, DHEA, PG, E2, FL, BI, HC
K580R DBD
L701H LBD

Adapted from Shi et al. [31]. Bold, detected in advanced prostate cancer.
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an increase in AIB1 with tumor stage and grade in clinically
localized disease [54,55].

The AR interacting protein, Tip60, was originally identi-
fied as a co-activator of the HIV encoded TAT protein. This
protein, a prominent member of the MYST family of lysine
acetyltransferases can acetylate histones and transcription
factors including AR, the upstream binding transcription
factor (UBF), and c-myc. Tip60 acetylation of AR is essential
for Tip60-dependent AR co-activation [56]. Tip60 interacts
with the AR in a ligand-dependent manner and has been
found concentrated in the nucleus of androgen-indepen-
dent tumors [57]. However, a further study found that
Tip60 expression is decreased in metastatic cells [58].

ARA55 an androgen receptor associated protein also
know as Hic-5 (hydrogen peroxide inducible clone 5) is a
member of the group III LIM domain protein family. LIM
domain proteins localize primarily to focal adhesions, but
can also be found in the nucleus. It has been proposed that
ARA55 may be an adaptor protein that is important for
recruiting or stabilizing histone acetyltransferase-contain-
ing complexes at steroid-responsive promoters [59].
ARA55 interacts with AR to increase AR-dependent tran-
scription and has been shown to alter ligand binding spec-
ificity [60,61]. Expression of ARA55 is higher in tumor
tissue than in non-tumor tissue [62] and increased
ARA55 expression in hormone-refractory tumors has been
shown to associate with shorter survival [63].

A recent analysis compared gene expression datasets
that identified differences in gene expression between nor-
mal prostate and tumor tissue using oligonucleotide array
technologies [47]. This analysis did not find a consistent
elevation of mRNA encoding all of the above mentioned
proteins, but did detect some trends. SRC-1 was elevated
in two, but decreased in one data set. Two studies found
that TIF2 was increased, while one found it to be de-
creased. One study found AIBI mRNA to be increased in tu-
mors in comparison to normal controls. However, Tip60
and ARA55 expression was deceased in the majority of
the data sets. The lack of consensus across multiple oligo-
nucleotide microarray studies, and between oligonucleo-
tide microarray studies and immunohistochemical (IHC)
analyses highlights the difficulty of conducting compara-
tive studies of highly divergent neoplasms to discern criti-
cal factors. Although immunohistochemical studies, which
identify changes in protein expression of tumor cells and
oligonucleotide microarray analyses that identify gene
expression signatures of tumors may identify key mole-
cules that contribute to androgen independence, currently
it is difficult to reconcile the conflicting results. Hopefully,
future studies may further discern the more prominent sig-
naling aberrations.

9. Calpain proteolysis of the AR

Recently, our studies suggest that another mechanism
may promote androgen independence in some prostate tu-
mors [64]. Calpain, a calcium dependent protease, can
cleave the AR and remove the LBD generating a truncated
molecule that retains the transactivation domain and
DBD. Original studies of the AR indicate that removal of

the LBD generates a constitutively active molecule that
can translocate into the nucleus and function in an andro-
gen-independent manner [65]. Calpains are ubiquitously
expressed proteases that, in general, cleave proteins at a
limited number of sites to generate large polypeptide frag-
ments [66]. The rules that govern calpain substrate speci-
ficity are currently unclear but it appears that calpain
recognizes substrate conformation more so than a discrete
sequence. However, studies have identified preferred ami-
no acids in certain locations surrounding the cleavage site
[67]. Calpain activity is tightly regulated by multiple mech-
anisms including calcium modulation, autoproteolysis,
phosphorylation, intracellular distribution, and inhibition
by the endogenous inhibitor calpastatin [66]. Interestingly,
recent studies indicate that mRNA levels of the ubiquitous
calpain 2 are elevated in invasive prostate tumors and are
highest in metastatic neoplasms [68].

Our studies utilized the CWR22 xenograft model of pros-
tate cancer progression that faithfully recapitulates salient
features of human prostate tumorigenesis. CWR22 tumors
are initially androgen-dependent and following castration
regress. However, androgen-independent tumors ulti-
mately emerge. The androgen-independent line 22Rv1,
generated from a relapsed tumor, expresses high levels of
a C-terminally truncated AR. [69]. These cells are andro-
gen-independent, and can proliferate in the absence of
androgens. However, they are also androgen responsive
since they proliferate more rapidly in the presence of andro-
gens. Our most recent studies identified differences in tran-
scription profiles of 22Rv1 cells proliferating in the presence
and absence of androgen (M. Mudryj, unpublished results).
Moreover, the R1 androgen-independent cell line, derived
from a different relapsed CWR22 tumor, also has elevated
levels of the truncated AR [70]. While both lines are derived
from the same xenograft, our analysis has identified differ-
ences in gene and protein expression (M. Mudryj, unpub-
lished results).

During the progression of the parental CWR22 tumor to
androgen independence, the 22Rv1 cells acquired an addi-
tional AR mutation, a duplication of exon 3 encoding the
second zinc finger of the DNA-binding domain. The inser-
tion of 39 additional amino acids near the putative calpain
cleavage site may sensitize the molecule to calpain-medi-
ated proteolysis. Treatment of Rv1 cells with a calpain
inhibitor, reduces the expression of the truncated AR and,
in the absence of androgens, causes the cells to undergo
apoptosis, possibly by causing reversion to the androgen-
dependent phenotype of the parental xenograft [64].

A Western blot analysis of AR in tumor tissue detected
elevated expression of the truncated AR isoform in some
tumors [64, Fig. 2]. This analysis provides evidence that
expression of the truncated isoform is not a rare event re-
stricted to relapsed cell lines derived from a single tumor
(CWR22), but a previously uncharacterized feature of cer-
tain prostate tumors. Higher levels of focal adhesion kinase
cleavage in these samples suggest higher calpain activity.
The role of the truncated AR in the etiology of androgen
independence is supported by the identification of a
Q640 termination mutation that would generate a mole-
cule missing the LBD in an androgen-independent prostate
tumor [71]. Since at this time the expression of the trun-
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Table 2
A partial list of androgen receptor co-regulators

Co-activators Description/comments

AIB3/ASC2 Rb required for ASC2 activation of AR
ANPK (PKY) Serine/threonine kinase; does not phosphorylate AR; enhances AR protein stability
ARA24 (Ran) Contains polyglutamine repeat. Expansion of the AR polyglutamine tract results in reduction in AR-ARA24 interaction
ARA54 Contains a RING finger and B-box domain
ARA55 (Hic-5) Contains a LIM domain. The mouse homolog is inducible by TGF-b1
ARA70 (RFG, ELE1) May function as a bridging factor to p/CAF and TFIIB
ARA160 (TMF) Shows a greater than additive interaction with ARA70
ARA267 (NSD1) Contains SET and PHD domains.
ARIP3 (PIAS_x) Member of PIAS family, SUMO E3 ligase
ARIP4 Member of the SNF2-like family of proteins; has active ATPase activity
ART-27 (UXT/STAP1) Possibly a-class prefoldin; may be component of centrosome
BAG-1L Also functions to regulate hsp70
b-Catenin Transcription factor; Activity regulated by WNT pathway.
BRCA1 Breast cancer susceptibility gene. Interacts with CBP.
ACRM1(PRMT4) Protein arginine methyl transferases
Caveolin-1 Membrane protein associated with caveoli membrane structures
CBP Possesses acetyltransferase activity. Interacts with members of the SRC family. Co-activates multiple transcription

factors.
Cdc25B Dual-specificity phosphatases
Cyclin E Regulates CDK2 activity.
DAXX Death domain-associated protein
E6-AP Ubiquitin E3 ligase; contains separable co-activation and ubiquitin ligase domains.
FHL2 (DRAL) LIM only protein without an LXXLL motif
Gelsolin Also functions as an actin filament severing and capping protein
HMG-1/-2 Abundant chromatin-associated protein that does not bind a specific DNA recognition sequence; represents separate

gene products with extensive sequence identity.
hsp40 (dnaJ, ydj1p) Member of the chaperone heterocomplex.
p300 Histone acetyltransferase
PGC-1 (LEM6) General nuclear receptor co-activator.
PIAS1 Protein Inhibitor of Activated STAT (transcription factor)
PRMT1 Protein arginine methyltransferase
RAF (IDE) Enhances AR and GR DNA-binding
Rb Tumor suppressor; interacts with E2F1-3 to repress transcription
RIP140 Co-activator at low receptor–co-activator ratio, repressor at a high ratio
SNURF (RNF4) RING finger protein; may recruit the chromatin remodeling factor HMGI(Y)
SRA Functions as a RNA transcript and associates with a SRC-1 containing co-regulator complex
SRC-1 (NCoA-1) Interacts with CBP/p300. General nuclear receptor co-activator. Possesses weak acetyltransferase activity.
SRC-3 (Rac3, ACTR, AIB1, p/CIP,

TRAM1)
Interacts with CBP/p300. Possesses acetyltransferase activity

STAT1 Transcription factor
STAT3 Transcription factor
Supervillin Actin-binding protein
TIF2 (GRIP1, NCoA-2, SRC-2) General nuclear receptor co-activator.
Tip60 Member of the MYST/SAS family of histone acetyltransferases
Ubc9 SUMO conjugating enzyme
Zac-1 Transcription factor; co-activator of AR in HeLa cells, corepressor in 1471.1 cells
Zimp10 PIAS-like protein

Co-repressors Description/comments
AES Member of the Groucho/TLE family of co-repressors
ARA67/PAT1/APPBP2 Promotes a cytoplasmic retention of AR in the presence of androgen
Calreticulin Endoplasmic reticulum Ca2+ binding chaperone inhibits AR binding to its DNA response elements
Cyclin D1 Regulates CDK4/6 kinase activity
DAX-1 Nuclear receptor; can sequester AR in the cytoplasm, DAX-1 expression is strongly reduced in benign prostatic

hyperplasia
DJBP DJ-1-binding protein; recruits corepressor complex containing HDAC1 and mSin3A
FLNa Filamin A binds actin filaments; calpain cleavage fragment of filamin A binds AR
GSK3b Protein kinase; Phosphorylates the AR, suppresses transactivation
HBO1 Histone acetyltransferase
HDAC1 Possess histone deacetylase activity
hRad9 hRad9 colocalize to regions containing DNA double-strand breaks; The FXXLF motif within the C-terminus of hRad9

interrupts the DHT-induced interaction between the AR N-terminus and C-terminus
NCoR Transcription factor binding protein that facilitates the assembly of a corepressor complex
PAK6 Protein kinase; active PAK6 inhibited nuclear translocation of the ligand-bound AR
PATZ Interacts with RNF4, (RNF4 is an AR co-activator) to repress AR activity
PTEN Phosphatase and tensin homologue; tumor suppressor; suppresses AR activity via a PI3K/Akt pathway in the early

passage LNCaP cells
RACK1 Receptor for activated protein kinase C 1; an adaptor molecule, promotes the PKC-mediated inhibition of AR
SHP Regulatory nuclear receptor; interacts with HDACs
Smad4 Tumor suppressor; TGF-b signaling pathway;
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cated isoform can only be detected by Western immuno-
blot analysis, this feature of some tumors would not have
been detected by other more routine immunohistochemi-
cal techniques.

The differences in activity of the full length and trun-
cated AR are currently being investigated but based on pre-
vious analyses certain hypotheses can be formulated. The
AR interacts with HSPs via the LBD, therefore a C-termi-
nally truncated AR would not interact with these proteins
that are retained in the cytoplasm, but rather would trans-
locate into the nucleus. Analysis of 22Rv1 cells found that
even in androgen-depleted media the truncated AR local-
izes to the nucleus [69]. Furthermore, previous studies re-
ported a LBD truncation could bind ARE, albeit with lower
efficiency [72]. Therefore, the truncated AR, once in the nu-
cleus could bind to an ARE site to promote AR-dependent
transcription. Our studies also found that the truncated
AR transactivated transcription from a promoter harboring
ARE efficiently, and in an androgen-independent manner.
It is however unclear, if in the context of a chromosomal
ARE, the wildtype and truncated receptors bind the same
sequences and transactivate transcription with the same
efficacy. Moreover, the LBD is instrumental for the interac-
tion with several co-regulators, suggesting that deletion of
this domain would alter recruitment of co-activators thus
altering the AR-dependent transcription profile. The LBD
is also required for the binding of anti-androgens,
promoting the assembly of co-repressors rather than co-
activators. Indeed, treatment of R1 and Rv1 cells with the
anti-androgen bicalutamide did not inhibit cell growth
(P. Ghosh, personal communication).

Elevated expression of calpain would increase AR prote-
olysis, but additionally would increase proteolysis of other
calpain target proteins, including proteins that are impor-
tant for adhesion and migration. Therefore, elevated cal-
pain activity may not only promote prostate tumor
survival in castrate levels of androgens, but alter other
physiological properties that promote tumorigenesis. Stud-
ies have shown that inhibition of calpain activity in andro-
gen-independent DU145 cells limits their adhesion,
migration and metastatic potential [73]. These studies sug-
gest that inhibition of calpain activity is a potential thera-
peutic option for some prostate tumors.

10. Androgen-independent, AR-negative tumors

Numerous studies show that most primary and
advanced stage cancers express the AR regardless of stage
and grade, or hormone sensitivity [74–77]. However, the
majority of reports have noted significant heterogeneous
staining of the AR in many prostate tumor specimens in
contrast to the homogeneous AR staining in normal pros-
tate epithelium. These findings suggest that the variability
in AR content increases with the progression of the disease

and might in part account for hormone resistance [74–77].
Absence of AR mRNA and protein expression has been
shown in the androgen-independent human prostate tu-
mor cell lines DU145 and PC3 [78,79]. The loss of AR
expression in these androgen-independent cells appears
to occur at the transcriptional level through CpG methyla-
tion of the AR promoter and histone deacetylation, instead
of at the genomic level through either deletion or mutation
[6,80–83]. This epigenetic alteration of AR may play a role
in the development of hormone independence in a subset
of prostate cancers that do not express AR. Hypermethyla-
tion of the AR promoter is more frequently found in hor-
mone-refractory prostate cancer tissues (29%) compared
with untreated primary tissues (10%) [84–86]. Introduction
of the AR into AR-negative PC3 cells markedly inhibits cell
growth both in vitro and in vivo [87]. In contrast to cells
and tissue that are dependent on the AR for proliferation
and/or survival, in this cellular context AR functions as a
growth suppressor. There are many plausible explanations
for this drastically different AR affect including interaction
with a different cohort of AR binding proteins that alters
the specificity and amplitude of AR transcriptional activity.
It is noteworthy that the androgen-dependent LNCaP cell
line has a biphasic response to androgens. At physiological
concentrations androgens promote LNCaP growth, but very
high levels are growth inhibitory [88], raising the possibil-
ity that at inappropriately high levels AR suppresses prolif-
eration, possibly by activating transcription of genes
involved in growth suppression. These studies suggest that
if cells have circumvented the need for AR, continued sig-
naling may be detrimental to cell growth.

11. Role of stroma cells

While the expression of AR in prostate cancer cells has
been the focus of most studies, several have reported that
loss of AR expression in stroma cells surrounding malig-
nant epithelial cells also correlates with the progression
to hormone resistance [89–91]. Because prostatic stroma
mediates the transmission of androgen-induced signaling
to the adjacent epithelium, altered AR expression in
tumor-associated stroma may lead to abnormal interac-
tions with malignant epithelial cells and hence serve as an-
other potential mechanism driving androgen-independent
prostate epithelial cell proliferation. The mechanism lead-
ing to the loss of AR expression in stroma cells remains to
be investigated. One study suggests that the up-regulation
of receptor tyrosine kinase expression may play a role [91].
A strong correlation between loss of the AR protein in stro-
ma cells and the expression of a constitutively active vari-
ant EGF receptor (EGFRvIII) in the adjacent epithelium has
been identified [91]. The importance of stroma in androgen
independence is supported by mouse prostate cancer mod-
els and lines derived from mouse prostate tumors [92]. In

Table 2 (continued)

SMRT Transcription factor binding protein that facilitates the assembly of a corepressor complex
SRY Contains a high-mobility group (HMG)-box DNA-binding domain characteristic of the SOX family of transcription

factors; Y chromosome encoded determinant of male phenotype
TGIF Transcriptional repressor, recruits sin3A and HDAC1
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vitro the CASP 2.1 androgen-dependent lines derived from
prostate tumors in Nkx3.1; Pten mice undergo a growth ar-
rest when deprived of androgens. In contrast when the
identical cells are implanted and propaged in vivo as renal
grafts cell undergo apoptosis following castration. The dif-
ferent behavior of the cells in vivo and in vitro indicated
that the tumor environment is responsible for the apopto-
sis of the cells. Moreover, studies have shown that stromal
AR, not epithelial AR is important for the apoptosis re-
sponse of androgen deprivation. Together these studies
indicate that an AR-dependent paracrine factor derived
from the stoma promotes apoptosis of the epithelial tumor
cells. The role of stoma may explain the curious outcome of
a clinical trial of the of 5a-reductase inhibitor Finasteride
[93]. The drug reduced the incidence of prostate cancer,
but individuals that developed tumors, developed higher
grade neoplasms. This raises the possibility that the reduc-
tion of androgen in stromal and epithelial cells may have
promoted the survival of epithelial cells that could con-
tinue proliferation in the presence of low levels of andro-
gen, but at the same time inhibited the anti-tumorigenic
effect of the stroma. These studies underscore the impor-
tance of stromal/epithelial cell interactions in the etiology
of androgen independence.

12. Conclusions

Tumor cells employ multiple pathways to survive and
thrive in castrate levels of androgens. While not mentioned
in the above discussion, modulations affecting the RB and
p53 tumor suppressor pathways have also been shown to
contribute to androgen-independent proliferation [94,95].
Likewise, inhibition of apoptotic responses can promote
progression to androgen independence [96,97]. It is note-
worthy that a number of the signaling pathways that are in-
volved in bypassing the requirement for androgens interact
with each other. Therefore, modulations of several signaling
pathways may synergize to confer androgen independence.
The importance of some of the well known pathways in the
etiology of androgen independence is difficult to discern,
since their activation has pleiotropic effects on cell physiol-
ogy. If multiple alterations are required for the development
of androgen independence, targeting one pathway may be
sufficient to inhibit tumor growth. The challenge is to iden-
tify the altered pathways in individual tumors to design the
most effective therapeutics.
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 Androgen ablation therapy is effective in 
treating androgen-dependent prostate tumors 
however, tumors that can proliferate in 
castrate levels of androgen eventually arise. We 
previously reported that in CWR22Rv1 (Rv1) 
cells, the protease calpain 2 can cleave the 
androgen receptor (AR) into a constitutively 
active ~80 KDa low molecular weight (LMW) 
form. In this study, we further dissect the 
mechanisms that produce the AR LMW forms 
using Rv1 cells and the related CWR22-R1 
(R1) cells. The 39 a.a. insertional mutation in 
the Rv1 AR (E3DM-AR) sensitizes this AR to 
calpain 2 proteolysis. R1 cells encode the same 
AR molecule as the parental CWR22 
xenograft. Using calpain 2 siRNA and 
calpeptin, we find that calpain 2 plays a role in 
the generation of the LMW-AR in R1 cells. 
Furthermore, LMW-AR expression is 
regulated by the activation of calpain 2 by 
Extracellular Signal-Regulated Kinases 1 and 2 
(ERK).  Inhibition of ERK phosphorylation or 
siRNA-mediated decrease of ERK expression 
reduces LMW-AR levels in R1 cells. 
Conversely, activation of the MAPK pathway 
results in increased ERK phosphorylation and 
increased levels of LMW-AR. Finally, analyses 
of human tumor samples found that LMW-AR 
levels are higher in tumors that have an 
increased calpain/calpastatin ratio and/or 
increased levels of phospho-ERK (pERK). This 
suggests that a higher calpain/calpastatin ratio 
collaborates with activated ERK to promote 
the generation of the LMW-AR.   
 Prostate cancer is a commonly diagnosed 
malignancy that is treated with hormonal therapy 
aimed at blocking signaling through the androgen 
receptor (AR).  Initially androgen ablation therapy 
is effective, but eventually, this treatment leads to 

the development of aggressive relapsed tumors 
that thrive in the absence of androgens.  Analysis 
of clinical samples revealed that over 90% of the 
relapsed tumors express AR (1-4). The AR, a 
member of the steroid hormone superfamily of 
ligand-activated transcription factors (5, 6) is 
central to the initiation and growth of prostate 
tumors and their responses to therapy. In the 
absence of ligand, the AR is retained in the 
cytoplasm. The binding of hormone alters AR’s 
conformation to promote translocation of the AR 
into the nucleus where it regulates gene 
transcription (6-8).    
 Aberrant AR activity has been postulated to 
promote proliferation of tumor cells in reduced 
levels of androgen.  Studies have shown that 25-
30% of androgen-independent tumors that arose 
following androgen ablation have AR gene 
amplification (9, 10). AR mutations are more 
commonly observed in androgen-independent 
tumors (11, 12) and usually broaden ligand 
specificity (13). The AR present in CWR22 
xenograft cells has a mutation in the ligand 
binding domain (LBD) (H847Y) that enhances 
responsiveness to estradiol and progesterone (14).  
Structure function analysis of the AR showed that 
deletion of the LBD generates a constitutively 
active AR molecule (15). A subsequent study 
identified a nonsense mutation at Q640 that 
results in a truncated constitutively active AR in a 
tumor refractory to androgen ablation therapy 
(16). We and others previously reported that 
calpain cleaves the AR molecule to produce 
various LMW isoforms (17-19), including an ~80 
KDa C-terminally truncated AR. We found that 
the ~ 80KDa LMW-AR is present in some human 
prostate tumors (18).  Using the androgen-
independent Rv1 cell line that expresses high 
levels of the LMW-AR, we demonstrated that 
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inhibition of calpain activity induces apoptosis in 
cells cultured in the absence of androgen. These 
studies implied that calpain-dependent proteolysis 
of the AR may play an important role in 
conferring androgen-independence in a subset of 
prostate cancer cases (18). In this study, we show 
that calpain 2 and ERK collaborate in the 
generation of the LMW-AR.   
 

Experimental Procedures 
 
Cell culture and pharmacological agents- LNCaP, 
Rv1, PC3, and DU145 cells were obtained from 
American Type Culture Collection. R1 cells were 
provided by Dr. Elizabeth Wilson (University of 
North Carolina). Rv1, PC3, DU145 and R1 cells 
were propagated in RPMI 1640 supplemented 
with 5% fetal bovine serum, 2 mmol/L L-
glutamine, 100 units/mL penicillin, and 100 
µg/mL streptomycin (Invitrogen) at 37°C and 5% 
CO2. LNCaP cells were propagated in 10% FBS. 
RWPE, PRNS-1-1 and PZ-HPV-7, obtained from 
Dr. Ralph deVere White, were maintained in a 
keratinocyte serum-free medium supplemented, 
with 50 mg/ml bovine pituitary extract, and 5 
ng/ml epidermal growth factor (Invitrogen). All 
cell lines were incubated at 37 and 5% CO2. For in 
vivo inhibition of calpain activity, 2 x 105 cells 
were plated in 35-mm plates and cultured in 
androgen-containing or androgen-depleted media 
(phenol red–free media/charcoal-stripped serum) 
for 48 h. Bicalutamide (Casodex) was from 
AstraZeneca, Cheshire, UK. For calpain inhibition 
studies, cells were treated with DMSO or 60 
µmol/L calpeptin (Calbiochem) for 24 or 48 h, 
washed with cold PBS, and harvested. For MEK 
inhibition studies, cells were treated with 20 uM 
U0126 (Cell Signaling) or DMSO for 24 and 48 h. 
PKC activity was stimulated by treatment with 10 
nM 12-O-tetradecanoylphorbol-13-acetate (TPA) 
(LC Laboratories) dissolved in DMSO.  
Western immunoblot analysis- Cells were placed 
in a 4ºC radioimmunoprecipitation lysis buffer 
that contained calpeptin, and a protease inhibitor 
cocktail (Sigma). Thirty micrograms of protein 
were separated on 8%, 10%, or 12% SDS-PAGE 
gels and transferred to BA-85 membrane 
(Schleicher & Schuell) and blocked with 5% 
nonfat dry milk in PBS and 0.1% Tween-20. The 
following antibodies were used: AR (central) 
clone 441 (Ab-1; Lab Vision Corp.), AR NH2-

terminus (N-20; Santa Cruz Biotechnology), 
Calpain 2 (Domain III, Sigma), calpastatin 
(1F7E3D10, Calbiochem), ERK (Cell Signaling), 
pERK (Thr202/tyr204, Cell Signaling), and FAK 
(clone 4.47; Upstate), GAPDH (clone 6C5, Santa 
Cruz). Proteins were detected using Enhanced 
chemiluminescence (GE Healthcare).                                                
RNA interference- 2 x 105 Rv1 and R1 cells were 
plated in 60 mm dishes.  24 h later, the cells were 
transfected with 130nM calpain 2 siRNA 
ONTARGET plus smartpool or ERK 1 and 2 
siRNA ONTARGET plus smartpool (Dharmacon 
Research Inc.) with lipofectamine 2000 
(Invitrogen). The ONTARGET Plus non-targeting 
siRNA was used as negative control.  Cells were 
harvested for RNA analysis 72 h post transfection 
(RNeasy mini kit) (Invitrogen).  
In vitro calpain assay- Cells were resuspended in 
calpain assay buffer [50 mmol/L HEPES buffer 
(pH 7.4), 150 mmol/L NaCl, 1% Triton X-100]. 
Calpain was activated with addition of CaCl2 to 1 
mM.  The reactions were incubated at 25°C.  
Transfection- Cells were transfected using 
Lipofectamine 2000 (Invitrogen) following the 
manufacturer’s protocol. Cells were harvested 48 
h after transfection, and subjected to analysis as 
previously described (18). 
Cell proliferation assay- Cellular proliferation 
was assessed using the 3-(4,5-dimethyl-thiazol-
2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) or the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium 
bromide (MTT) assay (Promega) following 
manufacturer's recommendations.  
Real time PCR- Total cellular RNA was prepared 
from cells (RNeasy) and cDNA was synthesized 
from 1ug RNA using QuantiTect (Qiagen) reverse 
transcription kit. cDNAs were diluted 1:4 in 
ddH2O and 2ul of cDNA was added to 5ul of 
EXPRESS SYBR® GreenER qPCR supermix 
(Invitrogen) and 200 nM of each primer, for a 
total volume of 10ul.  GAPDH was used as the 
standard.  PCR conditions were:  20-sec initial 
denaturation step at 95ºC, 40 cycles at 95ºC for 3 
s, 60 ºC for 30 sec, followed by melt curve at 95 
ºC for 15 sec, 60 ºC for 15 sec, increase to 95 ºC 
over 20 min. additional 95 cycles starting at 60 ºC 
with 0.5 ºC increase per cycle for melt curve 
analysis. The study used the Eppendorf 
Mastercycler ep Realplex. Primer sequences: 
GAPDH: 5’TGCACCACCAACTGC TTA3’ and 
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5’AGAGGCAGGGATGATGTTC3’; CLDN4: 
5’AACCCTGACTTTGGGATCTG3’ 
and  5’AGATGCAGGCAGACAGAGTG3’; 
HPRT1: 5’TGACACTGGCAAAACAATGCA3’ 
and  5’GGTCCTTTTCACCAGCAAGCT3’.  
Statistics. Analyses using a two-tailed Student’s t 
test were used to compare two groups. P < 0.05 
was considered statistically significant.  
 

RESULTS 
 
Characteristics of the Rv1 and R1 cell lines. Two 
castrate resistant cells lines, R1 and Rv1, were 
derived from two independent CWR22 relapsed 
tumors. The cellular phenotypes of the Rv1 and 
R1 cells are similar. In the presence of androgen 
the cells tend to grow in clusters, while in the 
absence of androgens they tend to be more 
scattered and less adhesive (Figure 1A). The AR 
in both lines has the same LBD mutation as the 
CWR22 xenograft (20, 21). As previously 
reported, R1 and Rv1 cells express the LMW AR 
forms (20, 21) (Figure 1B). Western immunoblot 
analysis indicated that R1 cells expressed higher 
levels of AR than Rv1 cells, but the ratio of the 
LMW to full length (FL)-AR was higher in Rv1 
cells. The size of the FL-AR in the R1 cells is 
smaller than the FL-AR in the Rv1 cells, since R1 
cells do not have the 39 amino acid duplication of 
exon 3. Closer inspection revealed that the ~80 
KDa LMW forms could be resolved into several 
discrete bands (Figure 1B). The MTS proliferation 
assay confirmed that the R1 and Rv1 cell 
proliferation rates were only slightly slower in 
androgen-depleted media compared to cells grown 
in the presence of androgen (Figure 1C). The 
proliferation assay conducted in the presence of 
10 uM Casodex indicated that R1 and Rv1 cells 
were refractory to the effects of this AR inhibitor 
(Figure 1D). While all three lines are responsive 
to androgen, only LNCaP cells are dependent on 
androgen to sustain growth.  
Generation of the LMW-AR involves calpain. We 
have reported previously that the inhibition of 
calpain activity by calpeptin reduces the 
expression of the LMW-AR in Rv1 cells (18). 
Likewise, treatment of R1 cells, proliferating in 
the presence or absence of androgen (Ad), with 
calpeptin reduced the levels of LMW-AR in R1 
cells (Figure 2A).  We previously showed that 
proteolysis of the calpain substrate focal adhesion 

kinase (FAK) is a good indicator of calpain 
activity (22). Calpeptin treatment of R1 cells 
reduced the levels of LMW-FAK (Figure 2A). To 
further analyze the role of calpain in the 
generation of LMW-AR, calpain 2 expression was 
analyzed in several tumor derived, as well as 
immortalized, prostate cell lines. R1 cells 
expressed much higher levels of calpain 2 than 
Rv1 and LNCaP cells (Figure 2B). Interestingly, 
the two AR negative and highly metastatic cells 
lines, PC3 and DU145, expressed the highest 
levels of calpain 2.  Given that calpain activity is 
regulated by its endogenous inhibitor calpastatin, 
we analyzed calpastatin levels as well, and found 
that expression was comparable in all the cell 
lines (Figure 2B). R1 cells had higher amounts of 
proteolyzed FAK, indicating greater calpain 
activity (Figure 2C). The extent of FAK cleavage 
was greater in the absence of androgen, 
suggesting that calpain activity may be higher 
under androgen-depleted conditions. To further 
confirm the involvement of calpain 2 in the 
generation of the LMW-AR forms in R1 cells, we 
used calpain 2 siRNA to reduce calpain 2 
expression. A previous study reported that calpain 
2 has a very long half life of 5 days (23). A 6-day 
treatment resulted in a ~60% reduction of calpain 
2 protein levels in R1 cells (Figure 2D) and 
reduced levels of the LMW-AR forms (Figure 
2D). This treatment also reduced FAK proteolysis 
indicating that calpain 2 activity was reduced. 
This analysis indicates that calpain 2 plays a role 
in the generation of the LMW-AR in R1 cells.  
 In R1 cells, the expression of claudin 4 
(CLDN4) is highly repressed by the addition of 
androgen (Figure 2E). If calpeptin treatment 
reduces the levels of LMW-AR, then in the 
absence of androgen the expression of androgen 
repressed genes may be further activated.   In the 
absence of androgen calpeptin treatment of R1 
cells further increased the expression of CLDN4, 
thus arguing the LMW-AR has a role in 
transcription of certain genes.   
The exon 3 duplication sensitizes E3DM-AR to 
calpain proteolysis. Rv1 cells express higher 
levels of the LMW-AR but have low expression 
of calpain 2 protein and calpain activity (Figure 
2).  We hypothesized that the exon 3 duplication 
sensitizes the E3DM-AR to calpain cleavage.  The 
AR-null PC3 cells expressing high levels of 
calpain 2 were transfected with cDNA plasmids 
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encoding either the wildtype or E3DM-AR.  As 
expected, the E3DM-AR was slightly larger than 
the wildtype receptor (Figure 3A). Additionally, 
the LMW forms generated in cells transfected 
with the E3DM-AR were larger than the LMW 
forms generated from the wildtype AR cDNAs. 
To test the hypothesis that the E3DM-AR is more 
sensitive to calpain-dependent proteolysis, 
extracts prepared from the transfected cells were 
treated with CaCl2 to activate endogenous calpain 
activity. As shown in Figure 3B, the AR was 
progressively cleaved into the smaller forms by 
the addition of CaCl2. The amount of FL-AR 
remaining was quantitated and indicated that 
theE3DM-AR was degraded more rapidly than the 
wt-AR. The inclusion of calpeptin retarded 
proteolysis, indicating that proteolysis was calpain 
dependent (figure 3B). While the ~80 KDa forms 
were present initially and throughout the time 
course, as proteolysis progressed, the LMW-AR 
was further proteolyzed to smaller peptides. In 
vivo, the ~ 80 KDa LMW-AR forms that are 
generated by proteolysis can translocate into the 
nucleus, where they would be less susceptible to 
further proteolysis. In vitro, as was previously 
observed (17) activated calpain proteolyzes the 
AR to still smaller forms. The mutant E3DM-AR 
was cleaved more rapidly than the wildtype FL-
AR, resulting in the disappearance of the FL-AR 
(compare lanes 4 and 9).  
The expression of the LMW-AR is regulated by 
ERK. Calpain activity is tightly regulated by 
various mechanisms, including phosphorylation. 
Previous studies have shown that ERK can 
phosphorylate calpain 2 to stimulate protease 
activity (24). ERK expression was analyzed in 
immortalized (RWPE-1, PZ-HPV-7 and pRNS-1-
1) and tumor derived (PC3, LNCaP, Rv1, R1 and 
DU145) cell lines. All of the tumor derived cells 
lines had higher levels of ERK in comparison to 
the immortalized cell lines (Figure 4A). A 
comparison of R1 and Rv1 cells proliferating in 
the absence and presence of androgen showed that 
R1 cells had higher levels of the active form of the 
protein (pERK) under both conditions (Figure 
4B).   

ERK is phosphorylated and activated by 
MEK, a dual threonine and tyrosine kinase (24). 
Treatment of R1 cells with the MEK inhibitor 
U0126 for 24 or 48 h reduced ERK 
phosphorylation (Figure 4C). An analysis of the 

AR in the same extracts (Figure 4C) indicated that 
inhibition of ERK activity reduced the levels of 
LMW-AR. Similar results were found in Rv1 cells 
(data not shown). To confirm that LMW-AR 
expression is dependent on ERK, cells were 
treated with control siRNA and ERK siRNA. 
Inhibition of ERK expression resulted in 
decreased levels of LMW-AR (Figure 4D). This 
analysis established that ERK activation has a role 
in the etiology of the LMW-AR forms. 
 Since the PKC activator phorbol ester 12-O-
tetradecanoylphorbol-13-acetate (TPA) can result 
in ERK phosphorylation (25), Rv1 and R1 cells 
were treated with TPA in the absence of androgen 
for 1 or 2 hours to stimulate ERK activity. This 
treatment promoted an increase in levels of the 
LMW-AR indicating that activation of this 
pathway resulted in enhanced AR proteolysis 
(Figure 5A).  TPA treatment of Rv1 cells also 
resulted in decreased levels of the FL-AR; after a 
2 hour TPA treatment the FL-AR was barely 
discernable, arguing that in vivo, as in vitro, the 
Rv1 AR is more sensitive to proteolysis.  
 To test our hypothesis that an increase in 
calpain 2 and ERK activity collaborate in 
promoting LMW-AR expression we examined 
calpain 2, calpastatin and pERK levels in 6 of 13 
tumor samples previously analyzed for the 
expression of the LMW-AR. Three of the thirteen 
samples that had the highest levels LMW-AR (01, 
31 and 94) and three that had low levels of LMW 
-AR (21, 25, and 28) were used in the analysis 
(Figure 5B). The expression of LMW-AR was 
defined as percent of total. Interestingly, the levels 
of the endogenous calpain inhibitor calpastatin 
was variable. It was higher in sample 21 and 25, 
which have lower levels of LMW-AR and lowest 
in Sample 01. Samples 01 and 31 had high levels 
of pERK (Figure 5C). The remaining samples had 
low pERK levels. Therefore, the three samples 
that had the highest LMW-AR had high levels of 
pERK or a high amount of calpain 2. Conversely, 
samples that had low LMW-AR levels had little 
pERK and had elevated calpastatin levels. This 
limited analysis suggests that in human tumors an 
increased ratio of calpain to calpastatin and 
increased ERK activity, work in concert 
contribute to increased LMW- AR expression.  
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DISCUSSION  
 

R1 and Rv1 cell lines were derived from 
relapsed CWR22 tumors and express the FL-AR 
as well as LMW-AR forms. However, the FL and 
LMW-AR forms expressed in Rv1 cells is larger 
than those in R1 cells due to a 39 a.a. insertional 
mutation at the junction of the DBD and hinge 
region (21). Transient expression of the E3DM-
AR cDNA in PC3 cells also results in the 
expression of slightly larger LMW forms than 
transfection of the wt-AR cDNA. Activation of 
calpain AR-transfected PC3 extracts indicates that 
the E3DM-AR is more susceptible to proteolysis 
than the wt AR. In vivo activation of calpain 
activity through activation of ERK also promotes 
a more rapid proteolysis of the E3DM-AR. Early 
studies reported that a serine protease can 
proteolyze the AR to generate a ~ 30 or ~40 kDa 
fragment containing the LBD (26). More recently, 
an independent study found that in vitro, calpain 
proteolyzes the AR to smaller amino-terminal 
fragments; those fragments include a ~75 KDa 
polypeptide (17). Our data suggest that the 
junction between the DBD and LBD might be 
especially sensitive to proteolysis. Therefore, it is 
not unexpected that the insertion of 39 additional 
a.a. near this region would alter AR structure and 
further sensitizes the molecule to calpain 
proteolysis (27, 28). Unlike Rv1 cells, R1 cells 
have an AR that is identical to the AR in the 
parental CWR22 xenograft. Therefore, we 
postulated that other molecular alterations must 
account for the increased expression of the LMW-
AR. The current study shows that R1 cells express 
higher levels of calpain 2 and pERK than Rv1 
cells. These two features collaborate to elevate 
calpain activity and promote proteolysis of the AR 
and FAK. The role of calpain in the degradation 
of AR is substantiated by the reduction of LMW-
AR caused by inhibition of calpain by calpeptin or 
a decrease of calpain 2 by siRNA. A comparison 
of R1 and Rv1 cells indicated that R1 cells had 
higher levels of ERK and p-ERK. The 
participation of ERK in AR proteolysis was 
demonstrated by an siRNA-mediated decrease of 
ERK and by the inhibition of ERK 
phosphorylation by the MEK inhibitor U01286. 
Therefore a decrease of ERK levels or ERK 
activity reduces LMW-AR expression. Activation 
of ERK by TPA in Rv1 and R1 cells results in a 

time-dependent increase in the generation of 
LMW-AR. The short interval required for 
increased LMW-AR generation is consistent with 
activation of a signaling cascade that results in the 
activation of a protease. The MAP kinase 
phosphorylation cascade which leads to ERK 
activation has been well studied and is considered 
a target for cancer therapeutics (29). Since ERK 
activation in prostate tumors has been previously 
reported (30) this is a potential mechanism that 
could contribute to the expression of LMW-AR in 
human tumors. Likewise, increased calpain 2 
expression has been observed in prostate tumors. 
Since the activity of calpain 2 is partly regulated 
by calpastatin, the ratio of calpain/calpastatin 
affects calpain 2 activity.   The expression of 
calpastatin has not been previously studied in 
prostate tumors. However, an increase in the 
calpain/calpastatin ratio has been reported in a 
study of colorectal cancer (31), which showed that 
calpastatin levels are high in normal mucosa, but 
decreased in tumor tissue. Moreover, increased 
expression of calpain 2 was detected in colorectal 
tumors and polyps suggesting that the increase of 
calpain 2 levels may be an early event in the 
tumorigenesis process. At this point we cannot 
rule out that calpain 1 contributes to the 
generation of the LMW-AR. Interestingly, 
calpains 1 has been shown to activate ERK (32) 
and therefore all of these molecules may be 
components of a regulatory pathway. The 
importance of the calpain/calpastatin equilibrium 
and the activation of the MAP kinase signaling 
pathway in prostate tumorigenesis remains to be 
defined. 
 Recent studies reported that the LMW-AR 
forms expressed in Rv1 cells are derived from an 
alternatively spliced AR mRNA (33-35).  
However, the studies do not agree on the identity 
of the spliced forms that give rise to the LMW-
AR forms. Our analysis shows that several LMW-
AR forms are expressed in Rv1 and R1 cells. 
Since we did not completely eliminate the 
expression of the LMW-AR by inhibiting calpain 
2 and pERK, some of the LMW-AR forms could 
be derived from alternatively spliced AR mRNA. 
This is analogous to results obtained from studies 
of cyclin E. In transformed cells several LMW 
cyclin E forms can be detected (36). Studies have 
shown that some of the LMW cyclin E forms are 
derived from alternatively spliced mRNAs, while 
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others are generated by proteolysis of cyclin E 
protein (22, 37-39). The LMW cyclin E forms 
have altered cellular localization and are 
associated with higher kinase activity (40, 41). 
We agree with the interpretation of Guo et al. (35) 
that several mechanisms can be employed to 
generate LMW-AR forms. These LMW-AR forms 
may not be identical, but they would share critical 
features including the presence of the activation 
and DBD domains and a deletion of the LBD. 
Such AR molecules would be able to translocate 
into the nucleus in an androgen independent 
manner, bind to DNA and activate or repress gene 
transcription. Furthermore, the interaction of the 
LMW-AR and FL-AR with various AR-
interacting proteins may differ and therefore if the 
LMW-AR and the FL-AR bind to identical DNA 

sequences, they may have differential effects on 
gene transcription. 
 Multiple calpain substrates have been 
previously implicated in cellular transformation. 
This suggests that an alteration of the 
calpain/calpastatin equilibrium, which is observed 
in some tumors, would affect multiple pathways 
that drive tumor progression. The modulation of 
calpain activity could result in a constellation of 
changes that would be difficult to ascribe to any 
individual molecule. This feature of calpain-
driven deregulation of cell physiology also 
provides a therapeutic opportunity. The inhibition 
of calpain activity, even partially, could be 
sufficient to modify multiple tumor survival and 
proliferative pathways, which, in synergy with 
other therapeutics, could be effective in halting 
tumor progression. 
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FIGURE LEGENDS 
 
Fig.1. Rv1 and R1 cells proliferate in castrate levels of androgen. A. R1 and Rv1 cells proliferating in the 
presence of androgen (Ad+) are less refractile than cells in androgen depleted media (Ad-). B. AR 
expression is greater in R1 than in Rv1 cells, but the FL and LMW-AR expressed in R1 cells is slightly 
smaller that that expressed in Rv1 cells. C. R1 and Rv1 cells proliferate in castrate levels of androgen, but 
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proliferation is slightly greater in the presence of androgen. Androgen depletion inhibits LNCaP 
proliferation. D. Rv1 and R1 cells proliferate in the presence of 10uM Casodex. 
 
Fig 2. Calpain expression and activity in prostate derived cells. A. Inhibition of calpain activity in R1 
cells with calpeptin (40uM) for 48 h decreases the expression of the LMW-AR (relative to FL-AR) by  
55% in the absence of androgen and 43% in the presence of androgen. B. Top panel: Western blot 
analysis of calpain 2 levels in non-transformed and tumor prostate cells. Bottom panel: Western blot 
analysis of calpastatin levels in non-transformed and tumor cells. GAPDH served as a loading control. C. 
Calpain-dependent proteolysis of FAK from a 120 KDa form to 90 KDa and ultimately smaller forms is 
indicative of calpain activity. FAK proteolysis is greater in R1 than in Rv1 cells and is greater in both 
cells in the absence of androgens. D. Calpain 2 siRNA down-regulated calpain 2 protein levels 144 h post 
transfection in R1 cells. The down-regulation of calpain 2 expression by calpain 2 siRNA reduced the 
LMW-AR (relative to FL-AR) by 54% in the absence of androgen and 39% in the presence of androgen. 
Calpain-dependent proteolysis of FAK was also decreased. E. Expression of CLDN4 in R1 cells culture 
in androgen depleted media, following a 2 h stimulation with DHT and a 24 h treatment with 60uM 
calpeptin was assessed by real time PCR. CLDN4 expression was standardized to GAPDH.  Error bars 
represent standard deviation,  p < 0.05.     
 
Fig 3. Transient expression of wt and E3DM-AR cDNA in PC3 cells. A. Transfection of PC3 cells with 
wt or E3DM-AR cDNA results in the expression of FL and LMW (denoted by arrows and brackets) 
forms of AR. The 3 nonspecific (NS) bands at ~ 80 KDa present in the non-transfected PC3 cells serve as 
markers (denoted by dots). The FL and LMW forms expressed in cells transfected with the E3DM-AR are 
slightly larger. B. Extracts prepared from PC3 cells transfected with wt or E3DM-AR were treated with 
1mM CaCl2 to activate calpain activity. The E3DM-AR is degraded more rapidly than the WT AR. 
(Compare lane 1 and 6; 2 and 7; 4 and 9). 
 
Fig 4. Inhibition of ERK phosphorylation reduces the expression of the LMW-AR. A. Western blot 
analysis of ERK expression in non-transformed and tumor-derived cell lines. B. The pERK levels are 
higher in R1 than Rv1 cells in the presence or absence of androgen.  C. R1 cells were treated with 20 uM 
of the MEK inhibitor U0126 (I) or vehicle (C) for 24 or 48 hours. The top portion of the blot shown in top 
panel was used to detect AR. Inhibition of ERK phosphorylation reduced the expression of the LMW-AR 
relative to FL-AR by 32% in 24 h and 51% in 48h. The arrows denote the FL and ~ 80 KDa LMW-AR.  
D. ERK specific siRNA reduced the expression of pERK and the levels of LMW-AR relative to FL-AR 
to 51.8% in the presence of androgen and 21% in the absence of androgen.  
 
Fig 5. ERK activation and calpain/calpastatin ratios collaborate to promote expression of the LMW-AR. 
A. Treatment of R1 and Rv1 cells with TPA (10 nM) for 1 and 2 hours increases the expression of the 
LMW-AR forms (top panel). Control cells were treated with DMSO. The bottom panel shows that TPA 
treatment increases pERK levels.  B. Higher calpain/calpastatin and pERK levels together correlate with 
higher expression of LMW-AR in tumor samples. C. Quantitation of the protein levels in panel B. The 
calpain/calpastatin ratios multiplied by levels of pERK were calculated for tumors that express high levels 
of LMW-AR (01, 30, 94) and samples that had low levels of LMW-AR (21, 25, 28). The average 
calpain/calpastatin x pERK levels are significantly higher in samples with elevated levels of LMW-AR. 
Error bars represent standard deviation, p < 0.05.  
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Figure 3  
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Abstract 

The emergence of castrate-resistant prostate neoplasms is the most challenging 
problem in managing prostate cancer. The androgen receptor (AR) continues to have a 
prominent role in these recurrent tumors, but the receptor’s targets have not been well defined. 
In this study, we investigated AR binding and AR-dependent transcription in two related cell 
lines derived from androgen-dependent CWR22 relapsed tumors: CWR22Rv1 (Rv1) and 
CWR-R1 (R1).  Both lines are androgen-independent yet androgen sensitive.  Expression 
microarray analysis revealed that although related, R1 and Rv1 had significantly different gene 
expression profiles in response to androgen.  Addition of androgen altered the expression of 
significantly more transcripts in Rv1 cells than in R1 cells. The analysis of androgen regulated 
transcripts indentified only ten that were commonly regulated in the two cell lines. In contrast, 
AR chromatin immunoprecipitation combined with promoter DNA microarrays (ChIP-on-chip) 
studies showed R1 and Rv1 cells have a similar AR binding profile, but AR binding is more 
extensive in Rv1 cells than in R1 cells. Coupling of the microarray study with ChIP-on-chip 
analysis identified direct AR targets in R1 and Rv1 cells.  The extent of AR binding was not 
linked to the amplitude of gene expression. The extent of AR binding was not linked to the 
amplitude of gene expression. Interestingly only 6% of the Rv1 androgen-regulated genes, but 
42% of the R1 androgen-regulated genes, bound AR. A screening of transcription factor 
binding motifs revealed that the glucocordicoid response element (GRE), GATA, Sp1 and 
FoxJ2 most frequently co-present with AR binding motifs in the AR direct target genes.  
Moreover, the most prominent function of transcripts that were direct AR targets was 
transcriptional regulation. However, only one transcriptional regulator, CEBPD, was commonly 
regulated in both cells lines. This study indicates that in addition to AR binding, AR-dependent 
gene expression is dependent on factors that vary greatly even is related cell lines. 
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Introduction 
 Prostate carcinoma (CaP) is the most commonly diagnosed cancer in men, and 

the second leading cause of death due to cancer in Western civilization [1].  Most CaPs initially 
present as androgen-dependent neoplasms and androgen ablation therapy is an effective 
treatment which blocks androgen receptor (AR) cell signaling. While this therapy is initially 
successful, androgen independent tumors that are refractory to hormonal therapeutic 
interventions emerge [2, 3]. Androgen independent CaPs continue to express the AR and 
androgen-regulated genes. Thus, a better understanding of the action of AR is a pivotal issue 
in defining the molecular events that lead to the progression of CaP.  

 As a member of nuclear receptor superfamily that functions as a ligand-
dependent transcription factor, AR mediates androgen-regulated gene expression.  Androgen 
bound AR is stabilized and translocated into the nucleus to regulate the expression of target 
genes by binding to androgen response elements (AREs), or by interacting with other 
transcription factors bound to their specific recognition sites. The role of AR in CaP progression 
is to promote expression of specific target genes.  For example, prostate specific antigen 
(PSA), the best studied AR target gene, has been reported to contribute to CaP progression 
through its protease activity and its ability to induce epithelial-mesenchymal transition and cell 
migration [4, 5].  Other AR target genes implicated in CaP progression include FGF8, Cdk1 and 
Cdk2, PMEPA1, TMRPSS2 and amyloid precursor protein [6-10].  

Since last decade, microarray techniques have been applied extensively in searching 
for genes that are AR regulated specifically in prostate tumors.  Although gene expression 
profiling is a powerful technique for depicting the global function of the androgen receptor in a 
specified model, it does not distinguish whether alteration of gene expression is dependent on 
a direct or indirect action of AR. Moreover, despite the well-characterized AREs in the promoter 
and enhancer, little is known about AR cis-regulatory sites across the human genome.  ChIP-
on-chip technology has been used for the identification of chromosomal binding sites of 
transcription factors to identify novel targets [11, 12].  Therefore, coupling microarray studies 
with ChIP-on-chip allows the identification of bona fide AR target genes.  

The CWR22 androgen dependent xenograft model, which mimics human prostate 
cancer, has been used to study the emergence of androgen independence [13].  In male nude 
athymic mice this xenograft exhibits androgen dependent growth and secretes PSA.  Following 
androgen withdrawal, the tumors regress and PSA levels plummet. Importantly, the model 
simulates the clinical course of prostate cancer in that PSA levels eventually increase and 
androgen independent tumors emerge [14].  Like most androgen independent tumors, CWR22 
recurring tumors continue to express the androgen receptor [7], which contains a mutation 
(H847Y) in the ligand binding domain (LBD) of the molecule [15].  Since this model 
recapitulates salient features of human prostate tumors in has been used extensively to study 
the emergence of androgen independent neoplasms. 

Two cell lines, R1 and Rv1 [16] were isolated in separate laboratories from CWR22 
relapse tumors. Several lines of evidence indicate that they were derived from a common 
ancestor. Karyotypes of the two cell lines are very similar; both lines shared the same structural 
abnormalities, including a reciprocal translocation between chromosomes 6 and 14 [16]. Both 
lines have the same AR (H847Y) mutation that is present in the parental CWR22 cells [16].  
The Rv1 AR also contains a duplication of exon 3 [that encodes the DNA binding domain 
(DBD)], which results in an insertion of 39 additional amino acids [17].  Additionally, we and 
others found that R1 and Rv1 express an ∼80KDa LMW form of AR with a deletion of the C-
terminal LBD [17, 18]. Both cell lines have the p53 Q331R (exon 9) mutations, and both are 
heterozygous for a polymorphism in p53 intron 3 [16]. However, R1 cells have an additional 
p53 codon R273H mutation, a result that is consistent with increased p53 levels [16]. 
Furthermore, DNA profiling studies showed additional differences. Of the 21 alleles detected in 
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each cell line, only 67% were identical [16]. Therefore, while the cell lines have significant 
similarities, they also exhibit differences. 

In the current study, microarray analysis was used to investigate the gene expression 
profile in response to hormone stimulation in R1 and Rv1 cells.  Surprisingly, the changes in 
the gene expression were greater in Rv1 then in R1 cells and very few transcripts were 
regulated commonly.  ChIP-on-chip analysis using a promoter array revealed that AR binding 
pattern was similar between R1 and Rv1. By coupling microarray analysis with ChIP-on-chip 
study, direct AR target genes in R1 and Rv1 cells were identified.  This analysis, along with 
previous studies helps establish the rules that govern androgen-dependent gene expression in 
prostate cancers.   
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Materials and Methods 
Cell culture and pharmacological agents. Rv1 cells were obtained from American Type 
Culture Collection. CWR-R1 cells were provided by Dr. Elizabeth Wilson (University of North 
Carolina). Rv1 and R1 cells were propagated in RPMI 1640 () supplemented with 5% fetal 
bovine serum (), 2 mmol/L L-glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin 
(Invitrogen) at 37°C and 5% CO2.  For studies in androgen depleted conditions cells were 
propagated in phenol-red free RPMI 1640 () supplemented with 5% charcoal-stripped fetal 
bovine serum (), 2 mmol/L L-glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin 
(Invitrogen) at 37°C and 5% CO2.   

Western immunoblot analysis. Cells were directly placed in a radioimmunoprecipitation 
assay lysis buffer that contained the Sigma protease inhibitor cocktail (AEBSK, Aprotinin, E64, 
leupeptin and peptatin as well as ??? uM calpeptin (Sigma). Thirty micrograms of protein were 
separated on 8%, 10%, or 12% SDS-PAGE gels and transferred to 0.22uM nitrocelluloase 
supported membrane (GE). The membrane was blocked with 5% nonfat dry milk in PBS and 
0.1% Tween 20 before the addition of specific antibodies. The following antibodies were used: 
AR (central) 441 (Ab-1; Lab Vision Corp.), AR NH2-terminus N-20 (Santa Cruz Biotechnology, 
Inc.), Calpain 2 (Sigma), calpastatin, ERK and phosphoERK (Cell Signaling), and focal 
adhesion kinase (FAK; clone 4.47; Upstate). Proteins were detected using chemiluminescence 

(GE Healthcare).  

Microarray analysis. Labeling of samples, hybridization to U133A GeneChips (Affymetrix, 
Santa Clara, CA), staining, and scanning were done as described in the Affymetrix Expression 
Analysis Technical Manual. Fluorescence intensity values (.CEL files) generated from 
hybridized, stained GeneChips were analyzed with R statistical software (v.2.01, and ‘‘affy’’ 
BioConductor package) and BRB Array Tools to identify genes that were differentially 
expressed. The settings used for Robust Multichip Analysis in R included Microarray Suite 5.0-
based background correction, quantile normalization, and Robust Multichip Analysis–based 
algorithms for calculation of expression values using perfect match only fluorescence 
intensities. A P≤ 0.05 and a mean fold change of ≥1.5-fold were used as criteria for filtering 
genes for clustering analyses. Hierarchical clustering and comparative fold-change analysis 
were used to identify and group similar patterns of gene regulation. Assignment of genes to 
functional categories was done by annotation of gene lists with the program, Database for 
Annotation, visualization, and Integrated Discovery (http://apps1.niaid.nih.gov/david) and 
literature-based classification was done by hand. Statistically overrepresented (Fisher exact 
probability score <0.05) biological processes within clusters were identified using Expression 
Analysis Systematic Explorer v.1.0 analysis software. 

Quantitative Real-time PCR.  Total cellular RNA was prepared from Rv1 cells utilizing 
RNeasy® mini kit (Qiagen Inc. CA) based on manufacturer’s protocol. cDNA was synthesized 
from 1ug RNA using QuantiTect® reverse transcription kit based on manufacturer’s protocol. 
cDNAs were diluted 1:4 in ddH2O and 2ul of diluted cDNA was added to 5ul of EXPRESS 
SYBR® GreenERTM qPCR supremix (Invitrogen Life Science, CA) and 200 nM of each 
primer.  GAPDH, HPRT or RPL13A were used as the endogenous expression standards.  PCR 
conditions were:  20-sec initial denaturation step at 95ºC, 40 cycles at 95ºC for 3 s, 60 ºC for 
30 sec, followed by additional 95ºC 15sec, 60ºC to 95ºC over 20 min ramp for melt curve 
analysis. Primer sequences used in the study are in Supplementary Methods. Data was 
collected by the Mastercycler® ep Realplex  (Eppendorf AG, Hamburg). 

Ingenuity pathway analysis (IPA) The microarray expression data was uploaded into IPA 
software using Reference sequence (RefSeq). A total of 2322 genes were mapped utilizing the 
IPA database. Fold change of 1.5 and p value of ≤0.05 were applied as the cutoff criteria. Gene 
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networks were algorithmically generated based on their connectivity and assigned a score. A 
score of 3 or higher indicates a 99.9% confidence level that the network was not generated by 
chance alone.  Canonical pathways analysis identifies the pathways, from the IPA library of 
canonical pathways, which are most significant to the input data set. The significance of the 
association between the data set and the canonical pathway is determined based on two 
parameters: (1) A ratio of the number of genes from the data set that map to the pathway 
divided by the total number of genes that map to the canonical pathway and (2) a P value 
calculated using Fischer’s exact test determining the probability that the association between 
the genes in the data set and the canonical pathway is due to chance alone. 

ChIP-on-chip assay and analysis. R1 and Rv1 cells were cultured in phenol-red free RPMI 
and 5% charcoal-stripped serum for 72 hours before that addition of 10nM dihydrotestosterone 
(DHT) for 2 hours (identical condition used for the expression array studies). Briefly, soluble 
chromatin was prepared by sonication of formaldehyde-fixed treated or untreated cells.  AR-
associated DNA was enriched by immunoprecipitation with anti-AR antibody directed against 
the N-terminal domain, followed by reversal of the crosslinks and DNA purification. The ChIP 
DNA was amplified by random priming using the GenomePlex Whole Genome Amplification 
(WGA) kit. Briefly, the initial random fragmentation step was eliminated and amplicons were 
labeled by incorporation of biotinylated ddATP with terminal deoxytransferase (TdT).  The 
entire ChIP DNA amplicons were applied to the Human Promoter 1.0R Array (Affymetrix). A 
cutoff of FDR<=0.05 was used as criteria for filtering AR binding sites.  
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Results 
 
Comparison of the gene expression profiles of R1 and Rv1 cells  

To compare the two CWR22 relapse lines, we used the Affymatix HG-U133 Plus2.0 
Gene Chip microarray to identify differences in gene transcription. The analysis was conducted 
in duplicate for each line proliferating in identical conditions, at the same density in charcoal 
stripped serum or two hours following addition of 10nM DHT. The two hour time point was 
chosen to minimize the number of transcripts that were not direct transcriptional target. The 
10nM DHT concentration, while higher than the optimal physiocological concentration, was 
chosen to ensure detectable DHT-mediated transcription within 2 hours. Comparison of R1 and 
Rv1 gene expression profiles in castrate levels of androgen identified 1275 genes that were 
differentially expressed (fold change ≥1.5 or ≤-1.5; P ≤ 0.05) in R1 vs. Rv1 cells.  Analysis of 
the microarray data identified 1941 transcripts that were differentially expressed (fold change 
≥1.5 or ≤-1.5; P ≤ 0.05) in R1 vs. Rv1 cells treated with DHT. Of these, 60% were identical to 
the transcripts that were differentially expressed in the absence of androgen (Figure 1A and 
Supplementary Table 1). As expected, R1 cells expressed 4-fold higher levels of calpain 2 
mRNA than Rv1 cells, but the levels of the calpain inhibitor calpastatin were similar in both cell 
lines (Figure 1B) [19]. put in expression results.  R1 cells also expressed 11.7-fold higher levels 
of c-MET (Figure 1B). Notably, Rv1 cells have more neuroendocrine characteristics than R1 
cells since the expression of neuronal specific enolase (ENO2) was 12-fold higher in Rv1 cells 
(Figure 1B) than in R1 cells, and the expression array analysis indicate that Rv1 cells 
expressed higher levels of chromogranin A and B, and synaptophysin (Supplementary Table 
1). ENO2 expression was not altered by androgen (data not shown). The most differentially 
expressed genes between R1 and Rv1 are listed Figure 1C. The most significant pathway 
differences between R1 and Rv1 cells both in the presence and absence of androgen involved 
metabolic pathways (Figure 1D).  In summary, the gene expression profiles of R1 and Rv1 
indicates that although these two lines were derived from the same CWR22 xenograft and 
have similar morphologies, at the molecular level they are distinct.  

  
Comparison of androgen regulated transcripts in R1 and RV1 cells 
 Next we analyze genes differentially regulated in the two cell lines in response to a two 
hours androgen treatment. Using a cutoff of fold change ≥1.5 or ≤-1.5 and p≤0.05, we found 
that the expression of 854 transcripts was altered by a two hour DHT treatment in Rv1 cells 
(Figure 2A, Supplementary Table 2). The same analysis was conducted using R1 cells and in 
contrast to Rv1 cells, the expression of only 77 transcripts changed following addition of DHT 
for 2hr (Figure 2A, Supplementary Table 2).  Therefore, the transcriptional response to DHT 
was greater in Rv1 cells than in R1 cells.  A comparison of the DHT-responsive R1 and Rv1 
transcripts identified only 10 that were commonly regulated in both cell lines (Figure 2B), again 
indicating the large differences between these two lines. DHT-dependent regulation of six 
transcripts was validated by realtime PCR (Figure 2C). Interestingly the expression of HES1 
was DHT regulated in both cell lines, but expression was repressed in R1 cells and activated in 
Rv1 cells. The expression of two well-known androgen responsive genes KLK3 (PSA) and 
TMPRSS2 was not significantly altered by DHT in either cell line, thus confirming previous 
reports that the transcripts are not androgen regulated in these cell lines [9, 20, 21].  
SUBHEADING  

The differentially expressed genes in response to DHT for 2hr were analyzed by 
Ingenuity System’s Pathway Analysis (IPA) to identify most significant associated biological 
networks and canonical pathways (metabolic and cell signaling) altered in the two cell lines.  
The Fisher’s exact test was used to determine the probability that the association between the 
dataset and a given pathway is due to chance alone. IPA identified two significant biological 
networks associated with the differentially expressed genes in R1 cells (Figure 3A, 
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Supplementary Figure 1).  The significantly associated functions include gene expression, 
cellular development, cell cycle and embryonic development (Figure 3B). The most significantly 
associated canonical pathways are notch signaling, clatrin-mediated endocytosis, JAK/Stat 
signaling, and p53 signaling (Figure 3C).  In Rv1 cells, a total of 18 biological networks were 
identified that are significantly associated with the differentially expressed genes (Figure 3A 
and Supplementary Figure 2).  The significantly associated functions include cellular 
development, visual system development and function, cancer, cell cycle, molecular transport 
and protein trafficking (Figure 3B).  The most associated canonical pathways include 
aminoacyl-tRNA biosynthesis, axonal guidance signaling, DNA damage response, cell cycle, 
p53 signaling and clatrin-mediated endocytosis (Figure 3C). 

 
AR chromosomal binding sites in R1 and Rv1 cells in response to DHT 

Since the cohort of androgen regulated transcripts differed in R1 and Rv1 cells we 
wondered if they were regulated differently because the AR bound to different regulatory 
regions. The Human Promoter 1.0R Array (Affymetrix) was used to detect AR binding to 
regulatory regions. This oligonucleotide (25-mer)-based, high-density tiling array covers 25,500 
promoters with probe sets spanning at least 10 kb of genomic content per gene (~7.5 kb 
upstream and ~2.45 kb downstream of the Transcriptional Start Site [TSS]) and at a resolution 
of 35 bp.  A total of 1225 and 2021 AR binding sites (FDR<=0.05) were identified in R1 and 
Rv1 cells, respectively, when treated with DHT for 2hr.  Figure 4A shows the distribution of the 
binding sites along chromosomes in two cell lines. A comparison of AR binding across 
chromosomes in R1 and Rv1 cells treated with androgen showed that AR binding pattern was 
similar, but not identical (Figure 4B). Certain sites were AR bound only in Rv1 cells while others 
were AR bound only in R1 cells. We focused on the binding pattern for three well-known 
androgen responsive genes KLK3 (PSA) [20], NKX3.1 [22] and TMPRSS2 [21] in R1 and Rv1 
cells, to determine if their lack of AR regulation of KLK3 and TMPRSS2 was due to a lack of 
AR binding.  In Rv1 cells sequences near the KLK3 (PSA) genes bound AR (-4603, -3484 and 
-2499 upstream of its TSS), while there was no AR binding near or in the KLK3 gene in R1 
cells (Figure 4C). In R1 cells AR bound in the 3’-UTR (2149 downstream of TSS) of the 
NKX3.1 gene, whereas in Rv1 cells AR bound not only in the 3’-UTR (2059 downstream of 
TSS) but also in the intron (1164 downstream of TSS) of NKX3.1 (Figure 4C). AR binding in the 
5’-UTR (two sites: 6382 and 7179 downstream of TSS) of the androgen regulated gene 
TMPRSS2 was detected in Rv1 cells, but no binding near or in the TMPRSS2 gene in R1 cells 
(Figure 4B). This analysis indicated that AR binding following addition of DHT was more 
extensive in Rv1 than in R1 cells and most of the R1 AR bound sites were also AR bound in 
Rv1 cells. Therefore, while the androgen regulated gene profile of the two cell line is different 
the AR binding pattern is similar. We further analyzed AR binding to the sites identified in our 
study using ChIP analysis. Following addition 10nM DHT for 2 hours in Rv1 and LNCaP AR 
binding was detected in Rv1 cells, further confirming our results (Figure 4D).    

Motif analysis of AR binding sites 

A motif analysis of the AR binding sites was conducted to determine whether AR binds 
to the established consensus AR response element (ARE).  Previous studies conducted in 
LNCaP, LNCaP derived cells, or AR transfected PC3 cells [23] reported that only ~10% of the 
AR binding regions had a canonical class 1 ARE (AGAACAnnnTGTTCT) binding motif when 
two positions were allowed to vary from the palindromic consensus with 3 nucleotide spacing.  
They also found that 78% of the binding regions contained the AR binding half-site motif 
(AGAACA).  In this study we found in Rv1 cells only 4% (86/2021) of the sites had the 
canonical ARE and 35% (700/2021) had the AR half-site motif.  Likewise, in R1 cells, 6% 
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(76/1225) of the sites had the canonical ARE and 46% (568/1225) had the AR half-site motif 
(Figure 5A).    

 
The expression profile of genes closest to the AR binding sites in R1 and Rv1 cells in 
response to DHT for 2hr 

Further analysis of the AR binding sites identified 965 and 1518 genes that were closest 
to the AR binding site in R1 and Rv1 cells, respectively (data not shown).  Notably, while some 
closest genes only contained one AR binding site, many others had more than one AR binding 
sites. By coupling the ChIP-on-chip with microarray expression data, we identified that, of the 
854 differentially regulated genes in Rv1 cells in response to DHT for 2hr, AR bound to nearby 
chromosomal sites (FDR<=0.05) of only 53 genes (6%). The location of the AR binding sites 
include intron (15 genes), exon (2 genes), 5’-UTR (9 genes), 3’-UTR (3 genes) and within 5Kb 
upstream from the TSS (25 genes) (Figure 5B and supplementary Table 3A).  Additionally, two 
genes had AR binding sites that were more than 10Kb upstream of TSS, whereas three genes 
had AR binding sites that were more than 10Kb downstream of the transcriptional end site 
(TES).  IPA analysis showed that the biological functions most prominently associated with 
these 53 genes were transcriptional regulation, cell cycle, and metabolic process (Figure 5C).  
The same analysis was performed in R1 cells.  Of the 77 differentially regulated genes after 
adding DHT for 2hr, AR bound to the nearby chromosomal regions (FDR<=0.05) of 32 genes 
(42%).   The AR binding sites identified include intron (4 genes), 5’-UTR (3 genes), 3’-UTR (2 
genes), within 5Kb upstream of the TSS (8 genes), more than 10Kb upstream of the TSS (14 
genes) and more than 10Kb downstream of the TES (8 genes) (Figure 5B and supplementary 
Table 3).  Sites that are far upstream or downstream of the AR regulated gene reside in 
putative enhancers of other annotated genes. However, the genes closed to the site are not 
AR-regulated. The major biological functions associated with these 32 genes are transcriptional 
regulation and metabolic process (Figure 5C).  

 A comparison of R1 and Rv1 revealed that the majority of the AR bound sites near the 
differentially regulated genes were common. However, only three closest genes 
[CCAAT/enhancer binding protein delta (CEBPD), claudin 4 (CLDN4) and arylamine N-
acetyltransferase type I (NAT1)] adjacent to the common AR binding sites in both R1 and Rv1 
cells showed correlated transcriptional regulation (fold change 1.5 and p<0.05) in both lines. 
This argues that only a subset of AR chromosomal binding sites exhibit transcriptional 
regulation. Of these three common AR direct targets, CEBPD and NAT1 have been reported to 
be androgen responsive genes [24, 25] and CLDN4 has been reported to be deregulated in 
both primary and metastatic prostate cancer [26]. Considering that other transcription factors 
might play collaborative role in AR function, we used Transcription Element Search System 
(TESS) to screen for motifs most frequently co-exist with AR binding motifs present in the 
above differentially regulated genes.  TESS identifies transcription factor motifs using site or 
consensus strings and positional weight matrices from the TRANSFAC, JASPAR, IMD, and our 
CBIL-GibbsMat database.  The transcription factor motifs that most frequently co-exist with AR 
binding motifs included GRE, GATA binding protein 1 (GATA-1), Sp-1 and forkhead box J2 
(FoxJ2) in both R1 and Rv1 cells (not shown).   

Our analysis of direct AR target genes in R1 cells revealed that ~25% of genes (7 
genes- NAT1, NKX3.1, CEBPD, HEY, POP1, PHF20L1, NDRG1) mapped to chromosome 8 
(Figure 6A) and all were positively regulated by androgen. Hey and Hes are transcription 
factors that are the downstream targets of the Notch signaling pathway. Furthermore, one of 
the AR sites has a single half ARE, while all of the other sites have more than one half ARE. In 
Rv1 cells 15% of the genes (8 genes- NAT1, CHRNA2, CEBPD, RB1CC1, ZBTB10, PLEKHF2, 
LAPTM4B, MTDH) mapped to chromosome 8. Seven were positively regulated by androgen, 
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while one was repressed. Five of the eight AR binding site contained at least one ARE half site. 
Two of the genes were commonly regulated in both cell lines- NAT1 and CEBDP, while the 
others were not. Next we asked if AR bound near transcripts that were androgen regulated in 
R1 cells, but not in Rv1 cells and vice versa. In the presence, but not in the absence of 
androgen, AR bound to the same or similar sites. The high percentage of direct AR target 
genes on one chromosome suggests that chromosome 8 is exceptionally rich in AR-regulated 
genes.  
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Discussion 

The extensive difference in gene expression of R1 and Rv1 cells strongly argues that 
while they are derived from a common xenograft CWR22 tumor, at the molecular levels they 
are very different. However, since both cell lines have the same chromosomal translocations 
and harbor the same AR and p53 mutations [16] they were derived from a common progenitor. 
It is unclear if the parent xenograft is composed of a single precursor cell type that develops 
into distinct lineages following androgen ablation, or if the xenograft is already composed of 
several morphologically indistinguishable, but molecularly distinct, cell types that originally 
emerged from a precursor cell. We favor the hypothesis that the xenograft is composed of 
several distinct cells and that the androgen independent cells constitute a small component of 
the morphologically unidentifiable cells that expanded following the selective pressure of 
androgen ablation. The current study indicated that tumors which appear to be homogenous 
may be composed of several cell types, further complicating gene expression analysis.   

The analysis of androgen-dependent gene transcription in R1 and Rv1 cells revealed 
that very few transcripts were commonly regulated. In R1 cells the most regulated pathway is 
the Notch signaling pathway and the most common function of androgen regulated transcripts 
involves gene expression. Two downstream effectors of Notch signaling, the Hes1 and Hey1 
transcriptional repressors, are androgen regulated but in opposite direction. Hes1 expression is 
androgen repressed, while Hey1 expression is elevated. Hey1 has been shown to be a 
negative co-regulator of AR, therefore, transactivation of Hey1 may serve as a negative 
feedback loop to limit AR-dependent transcription.  

In Rv1 cells, the Notch pathway is not androgen regulated, while the most prominent 
androgen regulated pathways includes Aminoacyl-tRNA biogenesis, DNA damage response, 
axonal guidance signaling, and JAK/Stat signaling. The most common functions of androgen-
regulated transcripts are cellular development, cell cycle, development, and vision system 
development. An analysis of the networks, function and pathways that are androgen regulated 
in R1 and Rv1 cells indicates that androgen controls a different gene expression program in the 
two cells lines. 

Thus far, the genome-wide studies of AR chromosomal binding have utilized the 
androgen-dependant LNCaP cell line, androgen independent LNCaP derived cell lines [27, 28] 
[23, 27] and PC3 cells transiently expressing AR [29].  Our analysis studied two related 
CWR22 derived androgen independent, but androgen responsive, cell lines. The study used 
the human promoter array with coverage of ~10Kb up/down-stream of the TSS, thus scanned 
regions proximal to the TSS of known genes throughout the genome. Studies of AR binding in 
PC3 cells transiently transfected with AR using chromatin immunoprecipitation followed by 
sequencing (ChIP-seq) identified AR binding sites associated with androgen dependent gene 
regulation. The AR binding sites were varying distances from the TSS but were preferentially 
located near the TSS of genes that were androgen regulated. 22.4% of the AR sites mapped to 
within 2Kb of the TSS and ~40% were within 12 Kb of the TSS.  Therefore, while our analysis 
could not identify all AR binding sites, it focused on know transcripts throughout the genome. 
The majority of AR binding sites were located more than 2Kb upstream of the TSS in both R1 
and Rv1 cells, and more AR binding was detected in Rv1 cells than in R1 cells.  This correlates 
with our result that Rv1 cells have a greater number of DHT regulated transcripts than R1 cells. 
Most of the AR sites in R1 cells were identical or similar to the sites in Rv1 cells. Consistent 
with previous findings, the majority of the AR binding sites did not contain the canonical AREs.  
However, a significant number of the sites contained an AR half-site motif and in many cases 
had more than one half-motif. Therefore all of the studies thus far indicate that the AR half-site 
is associated with AR binding, while the canonical ARE is rare.  As previously reported a 
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number of AR binding sites have neither a canonical or half-site ARE. AR may directly bind 
previously unidentified sequences as has been proposed by Lin et al [29], or alternatively, the 
AR may be binding indirectly by interacting with another DNA binding protein. 

 
 An analysis of motifs co-present with AR identified several transcription factors 

including GRE, GATA, Sp-1 and forkhead box J2 (FoxJ2) in both R1 and Rv1. The GATA motif 
has been identified by all previous AR binding studies [23, 27, 29].  Sp1 is a very common 
transcription factor binding site found in many promoter sequences. Moreover, previous studies 
have shown that Sp1 and the AR interact to promote transcription [30] therefore the presence 
of Sp1 may serve to enhance AR-dependent gene expression. Studies by Jie el al [27] also 
found that GRE sites were co-present with AR binding sites. The FoxJ2, a member of the 
forkhead family of transcription factors, has a core sequence that is common to other family 
members, including FoxA1. Therefore, all of the AR binding studies indicate that GATA and 
Forkhead transcription factor binding sites are co-present with AR binding sites. The 
importance of the Forkhead factor in AR-dependent gene expression is further substantiated by 
a recent report that a single nucleotide polymorphism that is associated with an increased 
prostate cancer risk resides in a FoxA1 site and this polymorphism facilitates stronger 
androgen responsiveness [31]. Previous studies have suggested that the forkhead and GATA 
proteins may act as ‘pioneer’ factors that are capable of initiating chromatin opening [32]. The 
major role of these proteins may be to open the chromatin and allow AR binding, rather than to 
specifically promote AR binding. Subsequence events, such as stabilizing AR/DNA interaction 
and recruiting appropriate co-factors to regulate gene transcription may rely on additional 
factors. 

A closer analysis of well studied androgen-regulated genes identified AR binding to 
sequences near the PSA and TMPRSS2 genes in DHT-treated Rv1 cells, but not in DHT-
treated R1 cells. However, DHT-treatment of Rv1 cells did not transactivate transcription of 
either gene. AR binding to the 3’UTR of the NKX3.1 gene was detected in DHT-treated R1 and 
Rv1 cells. A recent report showed that the androgen responsive element of this gene resides in 
the 3’UTR [33]. AR binding to this site was more extensive in Rv1 than in R1 cells, yet NKX3.1 
transcription was transactivated only in R1 cells. This indicates that while AR binding is 
required, it is not sufficient for AR-androgen-dependent gene expression and that increased 
binding does not ensure increased gene expression.  

 
However, we identified differences in AR binding between Rv1 and LNCaP cells. In Rv1 

cells AR binding near the TMPRSS2 gene was identical in the presence and absence of 
androgen.  Since the TMPRSS2 gene is located on chromosome 21.  We compared our AR 
binding results with that obtained by Wang et al [23].  The comparison is imperfect since Wang 
et al [23] used a tiling array covered the entire non-repetitive regions of chromosomes 21 and 
22, different DHT concentrations and different duration of DHT exposure. However, all of the 
sites that were present in human promoter 1.0R array were present in the titling array. Our 
analysis found that while AR bound to a region near the TMPRSS2 TSS in both studies, the 
site that was bound by AR Rv1 cells was no identical to the site bound by AR in LNCaP cells. 
The analysis of AR binding in Rv1 and R1 cells, and this very limited example of TMPRSS2 AR 
binding in LNCaP cells, suggest that AR binding to some sites is cell context dependent. 

 
By coupling gene expression profiles with ChIP-on-chip analysis, we found that 46% of 

the differentially expressed transcripts identified in R1 contained AR binding sites, indicating 
they are most likely direct AR targets.  In contrast only 6% of the transcripts identified in Rv1 
cells had AR binding sites.  Previous studies have shown that AR binding sites can be far away 
from transcription start sites [23, 28].  The coverage of the promoter array used for this study is 
limited within ~10kb from transcription start sites.  Therefore, the actual number of direct AR 
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targets in R1 and Rv1 cells are most likely higher than what we found.  While the number DHT-
regulated genes was much higher in Rv1 cells, the number of genes that are DHT-regulated 
and are associated with an AR binding site is more comparable in R1 and Rv1 cells. This 
suggests that AR binding or AR/DNA complex stability in Rv1 cells is greater or that a large 
number of the DHT-regulated transcripts in Rv1 cells are indirect AR targets.  Several 
mechanisms may account for this discrepancy. The presence of a 39aa insertion mutation in 
the Rv1 AR that results in the duplication of the  a portion of the DNA domain may facilitate 
DNA binding, or the interactions with other DNA binding protein. Alternatively, the different 
complement of AR co-regulators in Rv1 and R1 cells may govern AR-dependent gene 
regulation.    

The most common function by far of direct AR target genes in R1 (9 genes) and Rv1 
(11 genes) is regulation of transcription, while the second most common functions were 
regulation of the cell cycle or metabolism.  However, only CEBPD was commonly regulated in 
both cell lines. If AR-regulated transcription factors are very different in the two cell lines, then 
the subsequent indirect AR target transcripts would be different as well. Therefore it is not 
surprising that the AR-dependent transcription profile of R1 and Rv1 cells is distinct.   

We noted that in R1 cells ~25% of the genes that contained AR binding sites and were 
androgen regulated mapped to chromosome 8. All of the transcripts are transactivated. Multiple 
studies have suggested a link between chromosome 8 and prostate cancer [34] including 8p 
deletion, 8q amplification [35] and susceptibility loci a 8q24 [36, 37]. One susceptibility locus 
maps to a Foxa1 site within a sequence that functions as an AR-responsive enhancer, but is 
not adjacent to any identifiable gene [31]. This enhancer may have a long range effect on the 
expression of multiple genes on the same chromosome.  

In summary our study of androgen independent but androgen sensitive cells lines that 
were derived from a common progenitor exhibit similar AR binding profiles. The GATA, GRE, 
Foxj2 and Sp1 binding motifs are co-present with AR binding sites in both cell lines. However, 
the DHT-dependent gene expression profile of the two cell line is completely different. The AR is 
regulating a different program in the two cell lines. This was surprising since these cells have a 
vary similar appearanceSince the two cell lines descended from a common progenitor it is 
possible that this progenitor had stem cell-like characteristics. Alternatively, it is possible that all 
cancer cells may retain some elements of plasticity and can evolve their gene expression 
program.  The combined ChIP-on-chip with microarray analysis also revealed that only a subset 
of closest genes adjacent to AR binding sites showed differential expression in response to DHT 
arguing that 1) Binding of AR to the vicinity of these genes is insufficient in transcriptional 
regulation in certain cell context or under the specific experimental conditions applied; or 2) The 
binding sites are indeed nonfunctional.  Similarly, other groups have reported that only a subset 
of binding sites by AR in LNCaP [23] or by ER [38] are functional, as there are many more 
binding sites identified than differentially regulated genes.  It is apparent that the presence of a 
half-ARE or AR binding is not sufficient for androgen dependent gene regulation and that AR co-
regulators are at least as important in controlling AR-mediated transcription as As more studies 
of AR binding couple with expression microarray analysis are conducted in different cellular 
contexts the factors that rules that govern AR-dependent gene expression will become more 
apparent.   
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Figure Legends 

Figure 1.  Differences in gene expression of R1 and Rv1 cells in the presence and absence 
of a DHT. A. Venn Diagram of the number of genes differentially express in R1 and Rv1 cells. B. 
Western blot analysis of several proteins that are differentially expression in R1 and Rv1 cells. C. 
The most differentially expressed transcripts in R1 and Rv1 cells. D. The functions of genes 
differentially regulated in R1 and Rv1 cells.  

Figure 2. Differences in AR-dependent gene expression of R1 and Rv1 cells. A. Venn 
Diagram of the number of AR-regulated transcripts in R1 and Rv1 cells and transcripts that are 
commonly regulated in the two cell lines.  B. Real time PCR validation of several AR-regulated 
transcripts.  

Figure 3. comparison of biological networks, pathways and function of R1 and Rv1 DHT 
regulated transcripts. A. The most prominent DHT-regulated network in R1 and Rv1 cells. Red 
indicates transactivation, green indicates repression.  B. The most common functionsof 
transcripts regulated by DHT in R1 and Rv1 cells. C. The most common DHT regulated 
canonical pathways regulated in R1 and Rv1 cells.  

Figure 4. Distribution of AR binding sites in R1 and Rv1 cells. A. Number of AR binding sites 
detected on individual chromosomes in R1 and Rv1 cells treated for 2 hours with 10 nM DHT. B. 
More detailed mapping of AR binding on chromosome 1. C. Precise location of AR binding to 
PSA, NKX3.1 and TMPRSS2 genes in R1 and Rv1 cells. D. ChIP analysis of AR binding to sites 
in the TMPRSS2 gene in Rv1 and LNCaP cells.  

Figure 5. Characteristics of AR binding sites and direct AR transcriptional target genes. A. 
The half ARE is present in many AR binding sites, while the canonical ARE is not. B. ARE 
located near the TSS are preferentially located in intron sequences. C. The most significant 
function of AR-regulated transcripts in R1 and Rv1 is transcriptional regulation. 

Figure 6. AR binding pattern on chromosome 8 in R1 and Rv1 cells. Top panel- all of the aR 
binding sites. Lower panel- AR sites associated with transcripts that are AR regulated in R1 and 
RV1 cells. Genes in Red are androgen transactivated, genes in Green are repressed.   
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